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Abstract
Parallel flow in the scrape-off layer is a major area of interest in tokamak research, impacting on impurity
transport, tritium retention and H-mode access. The work presented here is the first major investigation
of SOL flow in the Mega Ampe`re Spherical Tokamak (MAST), using a Gundestrup probe specifically
designed for the task.
The results of a parameter scan in poloidal field, Bθ, and temperature, T , of parallel velocity at the
outboard mid-plane are presented, and the results and scalings compared to B2SOLPS5.0 simulations of
MAST and a simple analytical model, in order to identify the relative importance of drift mechanisms
(such as Pfirsch-Schlu¨ter and E × B) for driving parallel flow. The results show the predicted linear
scaling with temperature and poloidal field strength, but also suggest a density dependence.
Another major are of interest is the discovery in recent years of coherent filamentary structures that are
radially convected through the L-mode SOL. These filaments are believed to contain sharp gradients in
temperature, density and plasma potential, complicating probe analysis. An investigation to characterise
the intermittency of the MAST SOL, it’s dependencies on poloidal field strength, density or temperature,
and the impact of the filaments on probe measurements was also carried out, and a probe was built to
further investigate the structure and dynamics of the filaments. Based on these experiments a method
for resolving the flow in the filaments and background plasma was developed and applied in the flow
experiments described above. It is found that the parallel Mach numbers are lower in the filaments than
the ambient plasma in the far SOL — suggesting either ion temperatures are at least on the order of 4
times the electron temperature — or parallel flow velocity is substantially lower in the filaments than in
the background plasma.
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1. Introduction
1.1. Background to Fusion
1.1.1. Motivation
The main means currently used to generate electricity is the combustion of fossil fuels such as coal, oil
and natural gas. However these methods are unsustainable. Aside from releasing emissions that can
be harmful to human health and greenhouse gases which are thought to be the main driving force for
climate change, fossil fuel are finite and are distributed unevenly around the planet creating technical
and political problems in securing energy supplies. It seems unlikely that the rate of discovery of new
fossil fuel reserves will be sufficient to meet the current level of demand over the next century, let alone
the growing demand for electricity and transport in the developing world.
Nuclear power is an alternative means of large scale energy production that does not rely on burning
fossil fuel. Existing schemes rely on the fission of uranium to produce energy. However disposing of
the long lived waste produced by these reactions is itself a challenging technical and political problem.
Furthermore, if a large proportion of global energy demand is to be met using nuclear power rather than
fossil fuels, supply of uranium may itself become a limiting factor in the medium to long term without the
implementation of more complex fuel cycles, employing breeder reactors with the accompanying spread
of materials that can be used to make nuclear weapons, again posing political problems.
Nuclear fusion has been considered as an alternative scheme for producing electricity in the future,
relying instead on the fusion of hydrogen isotopes to release energy. The products of these reactions
are neither chemically toxic nor radioactive while the raw materials are abundant and effectively inex-
haustible.
The primary fusion reaction that occurs in the sun is the fusion of two protons to create a deuteron (a
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bound proton and neutron) and an electron.
1H+ 1H→ 21D+ e+ + ν + 0.42MeV (1.1)
This process relies on a weak interaction which has a very small cross section. The proposed reaction for
a fusion power station is between deuterium and tritium nuclei, as this has a much higher cross section
at low energies (see fig. 1.1).
2
1D+
3
1T→ 42He + n + 17.6MeV (1.2)
Figure 1.1.: Cross sections for different fusion reactions as a function of energy. Figure courtesy of JET
image database.
1.1.2. Fusion Triple Product and Confinement
In order to overcome the Coulomb repulsion of the two positively charged nuclei, energies of around
100keV are required. In practice this may be achieved by heating the deuterium and tritium to around
10keV as sufficient reactions occur between the few nuclei with high thermal energies occupying the tail
of the Boltzmann distribution. This temperature is easily sufficient to fully ionise deuterium and tritium,
so the reaction will take place in a plasma.
To be a useful source of energy the power released by D-T reactions needs to be greater than that
required to heat the plasma to the necessary temperature and the rate of loss of energy from the plasma.
The total fusion power per unit volume in the plasma is given by the rate of reactions and the energy
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released per reaction. Assuming a 1:1 ratio of deuterium to tritium ions, this is
PFus =
1
4
n2 〈σv〉EFus, (1.3)
where 〈σv〉 is the reaction rate, n is the ion number density and EFus is the energy per reaction. We can
define Q = PFusPH , the ratio of power produced by fusion and the power required to heat the plasma PH .
When Q < 1 the reaction does not release more energy than is provided by heating. Q = 1 is referred to
breakeven, where the fusion reaction releases as much energy as is used to heat the plasma.
The energy released by the fusion reaction is split between the neutron (∼80%) and the alpha particle
(∼20%). In magnetic confinement devices the alpha particle will be trapped by the magnetic field and its
energy will heat the plasma. Thus we can re-write eq. 1.3, substituting Efus for Eα to give the heating
power due to the alpha particle, Pα.
The total energy density in the plasma is 3nkBT . Note that this also includes the energy carried by
the electrons as well ion species. Defining the energy confinement time τE over which this energy is lost
from the plasma, the power loss from the plasma can be expressed as
PL =
3nkBT
τE
. (1.4)
By requiring that PL = Pα, so that all the energy required to heat the plasma is provided by the
alpha particle and no external heating is required (defined as “burning”), one can define the criterion for
“ignition”:
1
4
n2 〈σv〉Eα > 3nkBT
τE
⇒ nτE > 12kBT〈σv〉Eα . (1.5)
At around 10-20keV the reaction rate can be approximated to 〈σv〉 = 1.1×10−24T 2m3s−1. Substituting
this gives the fusion triple product, a criterion in temperature, confinement time and density for a burning
fusion plasma:
nTτE > 3× 1021m−3keVs (1.6)
Assuming realistic temperature ranges of around 10-20keV, increasing the confinement time and/or
density offers a way of achieving this criterion.
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There are two main methods proposed for the containment of fusion plasmas. The first is inertial
confinement, relying on the mass of a pellet of frozen tritium and deuterium compressed and heated uni-
formly by incident radiation (e.g. by lasers or intense X-rays) to prevent the fuel from dispersing before
sufficient reactions have taken place. An alternative approach is magnetic confinement, using magnetic
fields to contain a hot plasma while fusion reactions occur, potentially allowing continuous operation.
The charged particles that make up the plasma are forced to spiral along the field lines by v × B
forces. Attempts have been made to use magnetic mirroring in linear devices to confine fusion plasmas;
however these fail to reach suitable confinement times due to the loss of particles from the ends of the
device. Toroidal configurations therefore are more widely used in devices such as tokamaks, stellarators,
spheromaks and reversed field pinches. The most extensively developed of these devices so far is the
tokamak, the Joint European Torus achieving a record Q value of around 0.62 in 1997[1], with the next
generation reactor, ITER, aiming for a Q value of around 10.
1.1.3. Tokamaks
A tokamak is a machine with a toroidal geometry designed to confine a plasma using magnetic fields. The
tokamak was invented in the 1950’s in Russia, and the word itself derives from the Russian for toroidal
chamber and magnetic coil.
The primary confinement is provided by the poloidal field. In a tokamak this is generated by inducing
a current in the plasma. A central solenoid is required to achieve this. The solenoid is placed through
the centre of the torus, and a current swing is used to induce a current in the plasma, with the plasma
acting as a secondary winding of a transformer. In some cases a central iron core and limbs are used to
channel the magnetic flux, see fig. 1.2.
However, such a configuration is unstable to “sausage” instabilities where the narrowing of the plasma
leads to higher current densities, stronger poloidal field strength and further pinching of the plasma. By
applying a toroidal field via external toroidal field coils the plasma may be stabilised, as pinching by the
poloidal field is opposed by the toroidal field’s resistance to compression.
Alternatively if one starts from a theta pinch, closed so that the two ends meet and form a torus with
a purely toroidal magnetic field, this would lead to a variation in the magnetic field strength between the
inboard and outboard sides, giving rise to vertical charge separation due to ∇B drifts and a subsequent
outward radial E ×B drift. The addition of a poloidal field leads to particle trajectories in the poloidal
direction, shorting out this charge separation.
Figure 1.2.: Tokamak schematic showing key components, confined plasma, currents and fields. Figure
courtesy of JET image database.
Thus the combination of toroidal and poloidal field stabilizes the plasma against the lowest order of
instabilities and leads to a magnetic structure consisting of a series of nested surfaces of constant mag-
netic flux and plasma pressure on which helical magnetic field lines lie. An important property of the
flux surface is the safety factor, q, the number of toroidal turns that a field line makes in a single poloidal
circuit, which will be discussed shortly.
Plasma heating is initially provided by Ohmic heating generated by the plasma current; however as
temperature rises plasma conductivity increases and external heating must be applied, either through
use of neutral beams, or radio-frequency heating.
Further details on Tokamaks and their operation may be found in reference [2].
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1.2. The ST and MAST
1.2.1. The Spherical Tokamak Concept
One measure of the efficiency of a tokamak is the ratio of plasma pressure to magnetic pressure
β =
2µ0p
B2
. (1.7)
The higher the value of β, the greater the plasma pressure attainable for a given magnetic field. In-
creasing the strength of the magnetic field is a major cost factor for a tokamak, requiring either higher
current through the field coils or more coils.
Tokamak operation is limited to a maximum β[3] given by
βMax ≈ gT IP
aBφ
≈ 5gT
Aqcyl
. (1.8)
The first expression is more commonly used for a given machine: gT is the Troyon [3] factor (a semi-
empirical scaling factor for β), Ip is the plasma current in mega amps, a the minor radius and Bφ is the
toroidal field. The second shows the dependence on aspect ratio. The cylindrical q value, qcyl =
aBφ
RBθ
,
is the q in the case that the torus is unwrapped to form a cylinder. By substituting for Bθ this can be
related to IP , a, and the aspect ratio A =
R
a , and thus obtain the second expression from the first.
Thus by lowering the aspect ratio higher values of β may be achieved. Spherical Tokamaks (STs) have
elongated, low aspect ratio plasmas (see fig. 1.3). Aside from high β operation STs offer other advantages
such as improved MHD stability. As the magnetic field strength goes as 1/R, the more compact ST leads
to a greater variation of toroidal field between the inboard and outboard edges of the plasma. Thus the
slope of the field line is much lower on the inboard than the outboard compared to conventional tokamaks
(see fig. 1.3). This produces an additional stabilising factor, as a greater proportion of the field line is
around the inboard side of the plasma in the region of “good” magnetic field curvature, so called because
the curvature drifts are in the opposite direction to the pressure gradient.
The motivation for ST devices then is improved stability and greater efficiency, opening the way for
more compact and possibly non-superconducting fusion reactors which would reduce the capital costs of
an eventual power-station. The ST has also been proposed as a way forward for a fusion plasma source for
materials testing and an actinide burner for processing nuclear waste. In both cases the volume to surface
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Figure 1.3.: Conventional vs. Spherical Tokamak plasmas. Figure courtesy of JET image database.
area gives higher power and neutron fluxes to the first wall and blanket (material embedded behind the
wall containing either lithium for tritium breeding, actinides for secondary fissioning, or radioactive waste
to be subjected to neutron flux depending on the scenario) than could be achieved for similarly sized
(and priced) conventional tokamaks.
However the compact nature poses several problems for scaling STs up to larger devices: the smaller
surface area means higher power loadings on the wall and higher power densities in the divertor. The high
neutron fluxes require greater shielding, potentially ruling out superconducting coils due to limitations
on the thickness of the centre column. Indeed, it may be necessary to operate without a central solenoid
(removing it during operation after start-up), relying instead on self sustaining plasma currents.
A detailed review of the advantages of spherical toroidal plasmas is given in reference [4].
1.2.2. MAST Plant
MAST (Mega Amp Spherical Tokamak)[5] is the second tight aspect ratio tokamak to be operated by
UKAEA Fusion. Built to further explore the spherical tokamak concept after the success of the smaller
START[6], its experimental programme has run since 1999.
MAST is unusual in that it consists of a large cylindrical vacuum vessel with the poloidal coils inside
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the vessel and a very small inboard wall area. The plasma edge is therefore distant from the vacuum vessel
wall, which contrasts with the more normal close fitting vacuum vessel of other machines such as NSTX
at Princeton. A benefit of this arrangement is that there is greater scope for diagnostic access to the
plasma through numerous ports. The toroidal field coils are external to the vacuum vessel and connect
through sliding joints to return through the centre column. The centre column also contains the solenoid
used to drive current in the plasma. Neutral beams are also available to heat the plasma and drive current.
Table 1.1 lists the key MAST parameters. A more detailed description of the MAST divertor and
scrape-off-layer is given in section 2.3
Table 1.1.: MAST parameters
Minor Radius [m] .65m
Major Radius [m] .85m
Elongation 2.5
Aspect Ratio 1.3
Plasma Current 1.5MA
Toroidal Field Rod Current 2.2MA
Toroidal Field at R 0.51T
Auxiliary NBI Heating 5MW (3.8MW achieved)
Pulse Length 1s
Plasma Volume 10m3
Figure 1.4.: Schematic of MAST showing key components.
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1.3. Area of Investigation
The main focus of this thesis is detailed in chapters 2 and 3, a summary is provided here. This thesis
concerns the physics of the edge of the tokamak, a region known as the scrape-off-layer or SOL (see section
2.2) consisting of open field lines that intersect armoured plates known as the divertor (see section 2.1).
The two areas of interest are the flow of plasma in the SOL; and the turbulent nature of the SOL, and
the impact this has both on understanding the SOL and taking measurements in the SOL. The SOL and
divertor are discussed further in chapter 2.
1.3.1. SOL Flows
Plasma in the SOL is transported radially outward by a number of processes (see section 3.2) and then
flows along the field lines (see section 3.1). These flows can lead to the migration of impurities into
the core, but understanding the mechanisms that drive flows may allow a degree of control to ensure
impurities are retained at the edge of the plasma and pumped out of the vessel. This might be used
to ensure helium “ash” is removed from a fusion reactor to retain high-efficiency and continuous op-
eration. It is also necessary to understand the flow of plasma in the SOL for interpretive modelling to
support plasma experiments, and to correctly simulate the plasma edge for development of future devices.
Plasma flow is driven by particle drifts related to the magnetic field and by poloidal asymmetries in
the transport of plasma into the SOL. The plasma drift effects have been studied both analytically and in
simulations. Predictions for the scaling of flow velocity with various parameters have been made (see sec-
tion 3.1.4) and the key objective of this thesis has been to test these predictions experimentally in MAST.
Relatively recently it has been observed that the SOL is populated with short lived, intermittent
filamentary structures that are radially convected through the SOL, and that these contribute greatly
to the poloidal asymmetry of the radial transport. These filaments are associated with densities and
temperatures higher than the ambient plasma and may have an associated electric field, thus complicating
probe analysis. The filaments may also radially convect plasma momentum and act to drive flows in the
SOL. Thus the investigations were extended to further study these filaments.
1.3.2. Measuring Flows
The available diagnostics for flow measurement on MAST are limited. The low temperatures and inter-
mediate collisionality (see chapter 2) make Doppler spectroscopy difficult to perform in the SOL. Probe
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based methods are employed in this thesis, though only a single poloidal location, the outboard mid-
plane, is accessible by means of a reciprocating probe system.
In order to investigate the flows and filaments a Gundestrup probe — a form of Mach probe — and
a Filament probe were developed for use on MAST. The underlying theory and design of these probes
are discussed in chapter 4. An experiment to investigate the parametric dependencies of the SOL flow
velocity and test the predictions made for flow scaling was devised, and the main features of the experi-
mental discharges are discussed in chapter 5.
In chapter 6 the nature and impact of intermittent filamentary structures on the interpretation of the
data is considered and a statistical analysis developed that allows the parallel flow in the filaments and
background plasma to be resolved. Results of the flow scaling experiments are presented in chapter 7
and conclusions, summary of ongoing work and a discussion of further work are discussed in chapter 8.
1.3.3. L-mode and Ohmic Regimes
A now standard mode of Tokamak operation is the high confinement, or “H-mode”, first discovered on
ASDEX[7]. The experiments conducted in this thesis are in Ohmically heated L-mode. The principle
reason for this is that the only available auxiliary heating on MAST is via injection of neutral beams,
which apply a torque to the plasma excluded in the models used for prediction of flows. In addition two
factors prevent extensive use of H-mode for this study by making detailed parameter scans (requiring
large number of discharges, see chapter 5) prohibitive in terms of experimental time. Firstly, the presence
of the probe close to the plasma edge appears to hinder H-mode access, and secondly, the unreliability of
the original MAST neutral beams — required to attain H-mode — limit the number of useful discharges
that can be attained in a given session.
Nevertheless the experiments remain relevant for a number of reasons. Firstly, the testing of the
physical mechanisms driving flows and their scalings should still apply in heated L-mode and H-mode
discharges. Secondly, the high power fluxes encountered in spherical tokamaks, and in particular from
H-mode related phenomena such as ELMs, may mean that there is a role for large scale future devices —
for example actinide burners, uranium/thorium breeders for conventional fission facilities, a component
test facility to develop materials and components for larger fusion reactors, or even a low power fusion
reactor — which may operate in L-mode due to the favourable scalings of confinement found in spherical
tokamaks[8].
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1.4. Aims and Objectives of this PhD Investigation
• Design and build two probe heads and associated systems to measure flow and filaments in the
MAST SOL.
• Develop a series of Ohmic L-mode MAST discharges scanning a parameter space in poloidal field
strength and temperature.
• Measure the parallel SOL flow velocity at the outboard mid-plane and its scaling with poloidal field
strength and temperature, and compare these to B2SOLPS5.0 simulations of MAST.
• Characterise the intermittency of the MAST Ohmic L-mode SOL at the MAST outboard mid-plane
to improve understanding of the L-mode SOL, and improve the interpretation of probe data for
measuring flows.
• Take individual measurements of the plasma parameters and dynamics of individual L-mode fila-
ments.
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2. The Divertor and Scrape-off Layer
The focus of this PhD thesis concerns the investigation of various phenomena at the edge of the MAST
tokamak. This chapter briefly introduces the divertor and scrape-off layer, defines terms used in subse-
quent chapters; describes the function, operation and basic characteristics of the divertor and scrape-off
layer; and reviews previous and current research, highlighting the areas that are relevant for the scope of
the work presented in this thesis.
Section 1 reviews the tokamak divertor. The interaction of plasma with a solid surface is briefly
summarised, the divertor and its basic operation is described, and the benefits of divertor operation are
discussed. Section 2 provides an overview of the basic features of the scrape-off layer using a simplified
1D analytical model. The model illustrates the movement of plasma parallel and perpendicular to the
magnetic field under these simple assumptions, and discusses the limits of such simple analytical models.
Section 3 briefly describes the design of the MAST divertor and the general characteristics of the MAST
scrape-off layer.
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2.1. The Divertor
In a tokamak, plasma is radially transported across the flux surfaces and will eventually meet a solid
surface. Plasma on a flux surface that intersect a solid surface is “scraped off” onto this limiting surface,
and these surfaces together are referred to as the “scrape-off layer” or SOL. Ions and electrons recombine
on the surface to form neutrals, which in turn re-enter the plasma and are re-ionised — a process referred
to as recycling — while atoms of the surface material may be ionised by collisions and enter the plasma,
referred to as sputtering.
One of the key challenges in building a working power station scale tokamak is handling the high powers
exhausted by the core plasma without the production of plasma cooling impurities or unacceptable levels
of wear and tear on plasma facing components. In early tokamaks specially armoured surfaces, limiters,
were used to limit the radial extent of the plasma, so these recycling and sputtering processes occurred
close to the core.
Figure 2.1.: Toroidal limiter and poloidal divertor. Figure courtesy of JET image database, modified
from JG98.419/3c.
The divertor is an alternative scheme to the limiter, fixing the edge of the plasma by generating a
null point in the magnetic field. This then leads to a region of closed flux surfaces and confined plasma,
and a region of open flux surfaces with plasma expanding parallel to the field, which can be directed to
material surfaces at greater distances from the core than can be achieved with a limiter.
We start by reviewing the interaction between plasma and a material surface.
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2.1.1. Plasma Surface Interaction and the Sheath
Material surfaces act as a particle and heat sink to the plasma. Ions and electrons recombine on the
surface to form neutral particles. The neutral particles are unconstrained by the magnetic fields and
may re-enter the plasma at a different location, while ions impacting on the surface deposit their energy
through collisions which may lead to sputtering of ions from the surface into the plasma. Thus energy
and particles are lost from the plasma, while impurities are added to the plasma and damage is sustained
by the surface. In addition the plasma ions may react chemically with the surface leading to further
erosion.
The interface between the SOL plasma and the target plates is the plasma sheath. The basics of sheath
formation and the implications for divertor operation are summarised here, a more detailed account of
sheath formation may be found in chapter 4 and appendix A, where it is critical for understanding the
function of Langmuir probes.
When the plasma initially comes into contact with a solid surface the electron flux to the surface is
greater than the ion flux due to the higher electron mobility. Thus the target plates accumulate a nega-
tive charge, setting up an electric field which repels the electrons and accelerates the ions until the two
fluxes come into equilibrium, resulting in an ambipolar flow to the divertor target plates. Debye shielding
screens this large potential drop from the bulk of the plasma to a region a few Debye lengths wide referred
to as the sheath. Outside of the sheath edge, quasineutrality and shallow potential gradients are restored.
In Tokamak SOL plasmas this is typically on the order of 10−5m, negligible compared to the SOL length,
so that the sheath thickness is often ignored and the plasma wetted area taken to be the sheath area.
A condition for sheath formation arising from the solution to Poisson’s equation (the Bohm Criterion)
is that the ions must cross the sheath edge at the sound speed
vi,se = Cs =
√
kB(Te + Ti)/mi, (2.1)
where Te is the electron temperature, Ti the ion temperature, and mi the mass of an ion.
A weak electric field exists along the SOL, accelerating ions to the sound speed as required. This
extended region of weak electric field is known as the presheath, and extends throughout most of the
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SOL. The potential drop across the sheath is on the order of
e (φsurface − φse) = −1
2
kBTe ln
(
Mi/Me
2pi(1 + Ti/Te)
)
, (2.2)
where the subscript se denotes the sheath edge, while the potential drop across the presheath is
eφse = −1
2
kB (Ti + Te) . (2.3)
Thus the electron population looses energy to accelerate the ions, cooling the electrons. As the plasma
in the presheath remains neutral, while the potential drops and electrons are repelled, both the electron
and ion density drops slowly. Figure 2.2 (a) shows the force acting on the ion and electron species, (b)
shows the parallel pressure, potential, fluid velocity and density.
Figure 2.2.: (a) Forces acting on ions and electrons and the plasma in the presence of a material surface.
(b) Plasma parameters along a 1D plasma to material surfaces. (c) Heat transfer from
electrons to ions via potential drop. Figures courtesy of the JET image database, G98.503/5c,
JG98.419/14c, JG98.664/9c respectively.
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2.1.2. Magnetic Configuration
Though other methods exist, the more common approach is to use a poloidal divertor (see fig. 2.1),
which consists of a coil above or below the plasma carrying a current in the same direction as the plasma
current inducing a null point in the magnetic field around the torus. Further coils are needed in order to
prevent vertical displacement of the plasma towards the divertor coil.
This divides the plasma into a region of nested closed flux surfaces, the core plasma; a flux surface
on which the magnetic null or x-point is situated referred to as either the separatrix or last closed flux
surface (LCFS ); and a region of open field lines known as the scrape-off layer (SOL) that is directed onto
a material surface, target plates, designed to handle the particle and energy fluxes. Fig. 2.3 illustrates
these main features. The divertor can be made deep, so that the target plates are some way downstream
from the x-point, terminating a divertor leg. A third region of private flux exists between the inner and
outer strike points, separated from the main plasma and the main SOL by the LCFS.
Divertor tokamaks typically operate with either one null at the top (upper single null divertor or
USND) or bottom (lower single null divertor or LSND) of the vessel, with the more common being LSND
as used on Tokamaks such as JET, ASDEX-Upgrade, DIII-D, and the ITER design, amongst others.
Other schemes use a null at both the top and the bottom, double null divertor (DND), such as Alcator
C-mod and MAST.
While this configuration involves the loss of a significant proportion of the magnetic volume available
inside the toroidal field coils, divertor operation performs several functions that improve the efficiency a
tokamak.
2.1.3. Benefits of Divertor Operation
As has already been mentioned, the divertor allows the plasma facing surfaces to be situated at a greater
distance from the core plasma. In a limiter device impurity ions and recycled particles may re-enter the
core plasma easily as they are typically created at a distance on the order of an ion gyroradius from
the core plasma. By placing the divertor targets downstream from the core, at the end of a divertor
leg, recycled or sputtered particles — a potentially large source of impurities — can be kept away from
the core plasma. The greater distances between the core and the target also allows for the plasma to
cool through volumetric losses, such as radiation and charge exchange with neutral particles in the main
chamber, creating large parallel temperature gradients in the SOL. By lowering the flux density in the
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Figure 2.3.: Schematic of diverted Tokamak plasma showing double null and lower single null
configurations.
divertor leg the SOL may also be widened increasing the plasma-wetted area of the targets, thus spread-
ing the exhausted power over a wider area. This both reduces the power handling requirements of the
targets and physical damage to the vessel wall, but also lowers the production of impurities from erosion
of the target plates, the primary source of impurities.
By controlling the point at which the plasma hits material surface — positioning the strike points into
tightly baﬄed pumping ducts — particles can be retained within the divertor chamber so they recycle
in the divertor leading to a localized region of high density neutrals, which facilitates pumping of those
neutrals from the vessel (See fig. 2.4).
As the physical distance from the core plasma prevents recycling neutrals or sputtered ions from quickly
reaching the core plasma, while the localized high neutral density facilitates pumping, the divertor con-
figuration thus allows the helium “ash” from nuclear reactions to be removed from the plasma at the
divertor. This provides some control over the build up of helium in the core — that would otherwise
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Figure 2.4.: Schematic showing some of the benefits of divertor operation. The divertor allows for vol-
umetric power losses in the divertor leg, a tightly baﬄed strike point in the throat of a
pumping duct supports high neutral densities for pumping and impurity retention. Helium
by product may thus be removed from the vessel.
dilute the fuel species and lower the rate of fusion reactions — thus improving the efficiency of the reactor
in steady state.
It is also hoped that strong pumping at the divertors will allow fuelling to be decoupled from density
control, thus controlled impurity puffing or fuelling might be used to achieve various desirable effects while
still preventing contamination of the core plasma, such as the creation of strong flows to sweep impurity
species from the plasma into the divertor. Another example is divertor detachment. Local impurity
puffing can enhance radiative cooling in the divertor region lowering target temperature sufficiently to
allow volume recombination and ion-neutral drag to detach the plasma from the targets, greatly reducing
erosion of the target plate.
In some discharges a transport barrier can arise at the edge of the plasma, improving confinement and
creating a steep density and temperature gradient at the edge of the plasma, the pedestal region, which
pushes up core temperatures and density. This mode of operation is referred to as high confinement or
H-mode, and operation without this feature is referred to as low confinement, or L-mode. H-mode is far
more easily accessible in divertor operation than limiter operation.
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Not all of these objectives may be achieved simultaneously — for example, the advantages of broadening
the area over which the power and particles are deposited reduces the ability to concentrate the neutralized
particles for efficient pumping — and trade offs must be made to achieve an optimal design. Thus the
study of the divertor SOL is still an important area of ongoing research.
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2.2. The Scrape-off Layer
The scrape-off layer is a region of open field lines outside of the LCFS. Plasma is transported across the
LCFS by various mechanisms into the SOL. Plasma in the SOL is unconfined in the parallel direction
and expands rapidly along the field lines on the order of the sound speed. For a 10eV deuterium plasma,
which is typical for a SOL plasma on MAST, this is on the order of 1× 104ms−1.
Cross-field transport is often characterised as a diffusive process. Using Fick’s Law for diffusion, the
expression relating typical cross-field velocity to the diffusion coefficient is:
v⊥ ≈ D⊥/l⊥, (2.4)
where D⊥ is the cross-field diffusion coefficient, l⊥ the scale length of density in the radial direction
and v⊥ the cross-field velocity. Theoretical values of D⊥ are low compared to those from experimental
measurements of radial particle flux, which are of the order 1m2s−1. This excess particle flux is normally
attributed to “anomalous diffusion”, usually referring to a small scale turbulent process which is modelled
as an effective increase in diffusion. This is not actually the case, as will be discussed in the chapter 3.
The expression above typically gives values for cross-field velocity far lower than the parallel velocity,
making the SOL thin compared to its length.
The SOL is thus characterised by rapidly falling density and temperature profiles in the radial direction
due to rapid parallel losses of heat and particles to the divertor plates, which act as a sink for heat and
particles. As a consequence of these radial gradients a radial electric field also arises in the SOL as well
as the parallel electric field required for sheath formation, as we shall see later.
The characteristic density fall-of length is defined as
λn = −
(
1
n
dn
dr
)−1
, (2.5)
cross-field conduction of heat is similarly described by an “anomalous” conductivity formulated to have
the same units as D⊥, χ⊥ so
qcond = −nχ⊥ d
dr
kBT. (2.6)
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Heat is also transported by convection
qconv = −5
2
kBTD⊥
dn
dr
. (2.7)
Heat conduction for ions is generally much smaller than convection, whereas both convection and
conduction are important for the transport of heat by electrons. Two issues are important to note.
Firstly, as discussed in the previous section, the SOL electron population is cooled not only through
losses across the sheath, but also by the acceleration of the ions. Thus the electron temperature in the
SOL tends to fall faster than the ion temperature in the radial direction, so TiTe ≥ 1 in the SOL. Secondly,
as there is a radial electron temperature gradient in the SOL, and each radially successive flux tube has
a potential drop of 3kBTe (r) across the presheath and sheath, combined with a conducting target plate
leading to an equipotential at the targets this will lead to a radial electric field in the SOL.
2.2.1. Plasma Flow to the Divertor in a “Simple” 1D SOL
Assuming toroidal symmetry, the SOL can be linearised and a simplistic 1D fluid analysis can be applied.
The SOL is taken as having a length 2L parallel to the magnetic field between the two target plates
terminating the SOL, with L a distance referred to as the connection length. The midpoint between the
divertor plates is referred to as the upstream location and targets as the downstream location.
Figure 2.5.: Straightened out divertor SOL and parallel SOL flow. Figures courtesy of the JET image
database, modified from JG98.419/5c and JG95.636/10C.
Plasma enters the SOL through the last closed flux surface and flows towards the divertor. In the sim-
plest case we neglect parallel temperature gradients, which is the criteria for the sheath-limited “simple”
SOL discussed in the next section. A very simple analytical picture of the sheath limited SOL[9] can be
derived as follows. Here, for simplicity, we assume:
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1. the plasma is isothermal and Te = Ti
2. any plasma flow is ambipolar so that ve = vi
3. ion and electron production occurs at the same rate.
The particle conservation equation is given by
dΓ
dx
=
d(nv)
dx
= Sp, (2.8)
where Sp is a source particle term, and the 1D steady-state momentum equation is
nmv
dv
dx
= neE − dP
dx
−mvSp. (2.9)
The first term here is the electric force, the second term the pressure gradient and the third term an
effective drag due to particle source. Other drag forces, for example ion/neutral collisions or viscous
effects, have been neglected in this simple picture.
As the SOL is approximated to be isothermal, the pressure term is
dpi
dx
= nTi
dn
dx
, (2.10)
combining equation 2.9 for ions and electrons one gets:
nv
dv
dx
= −k (Ti + Te)
(mi +me)
dn
dx
− vSp, (2.11)
where k(Ti+Te)(mi+me) = c
2
s is the sound speed.
Defining the plasma Mach number M = v/cs, and using eq. 2.8 yields
dM
dx
=
Sp
ncs
1 +M2
1−M2 . (2.12)
From the point of view of 1D analysis cross-field diffusion into the SOL tube appears as a particle
source, so that
−dΓ⊥
dr
= SP = −D⊥d
2n
dr2
≈ D⊥ n
λ2SOL
. (2.13)
Other particle sources exist but for simple analysis these are neglected, instead focusing on cross-field
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diffusion, while assuming ionisation does not occur in the SOL. Thus one obtains from the above equations
∫ M
0
1−M2
1 +M2
dM =
∫ x
0
D⊥
λ2SOLcs
dx. (2.14)
Integrating, the flow as a function of x is given by:
2 arctanM −M = D⊥
λ2SOLcs
x, (2.15)
and can be seen in fig. 2.5.
Naturally this model is incredibly simplistic, aside from neglecting temperature gradients and ionisation
sources within the SOL, it also neglects viscous effects, collisional drag with neutrals, and particle drifts.
Realistic models of plasma flow in the SOL require numerical simulation and will be discussed in the next
chapter, but the main features are seen here: plasma is transported radially into the SOL and is then
accelerated to the sound speed towards the divertor in the parallel direction, stagnating at the upstream
location between the two divertor targets.
2.2.2. Collisionality, Parallel Gradients and the Conduction Limited SOL
A key parameter for consideration when modelling the SOL is collisionality, defined as the ratio of the
connection length to the electron/ion self collisional mean free path:
ν∗SOL,(e,i) = L/λ(ee,ii) ≈ 10−16nL
/
T 2(e,i). (2.16)
When the collisionality parameter is small the plasma is collisionless and particles are likely to experience
few collisions before reaching the divertor targets, and large parallel temperature gradients do not exist.
Collisionless SOLs are said to be sheath limited, meaning that the energy is exhausted entirely through
the sheath edge so that the plasma temperatures and densities in the SOL are determined by the power
exhausted by the core and out through the sheath. This corresponds to the simplistic analysis presented
above, with an isothermal SOL.
The principle objective of the divertor however is to sustain high temperature gradients, so that a high
core temperature and thus high upstream temperatures can be attained while plasma facing surfaces in
the divertor experience much lower temperatures.
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Strong parallel temperature gradients in the SOL occur when the heat conductivity of the plasma
becomes a limiting factor, due to very long connection lengths and the finite heat conductivity of plasma.
This requires that parallel conduction dominates over convection, so that heat flux is much larger than
the particle flux. Neglecting heat convection, assuming all power enters at the top of the SOL,
q‖ =
(
PSOL
ASOL
)
= −κ0T 5/2 dT
s‖
= γkBTtntcs,t. (2.17)
Here, subscript t denotes values at the divertor target plates, u the value at the upstream location, with
PSOL the power in the scrape-off layer and ASOL the cross sectional area for power flow, and the sheath
still being the sole sink of heat. s‖ is the parallel distance from the upstream location.
This integrates to
Tt =
[
T 7/2u −
7
2
PSOLs‖
ASOLκ0
]2/7
. (2.18)
Equations 2.16, 2.17 and 2.18 can be re-arranged to give
ν∗SOL, ∝
(
Tu
Tt
)7/2
− 1. (2.19)
Thus the criterion for parallel temperature gradients to exist is strong collisionality.
Figure 2.6 shows various collisionality regimes. As the plasma temperature is reduced at the targets
the SOL enters a regime referred to as “high recycling”, where ions primarily recycle in a narrow layer
in front of the divertor, and this becomes the dominant source of ion flux to the target. As collisionality
increases further the energy exchange between ions and electrons increases throughout the SOL. First
the electron and then ion temperature gradients become significant, upstream ion temperatures fall off
slower than the electron temperature. At higher collisionalities — the conduction limited regime — the
ion and electrons may come into thermal equipartition at the target, and at very high collisionalities,
very strong temperature gradients may exist and the ions and electrons temperatures are coupled along
the entire length of the SOL. MAST typically operates at intermediate collisionalities, as discussed in
the next section.
2.2.3. Need for Numerical Modelling
There is clearly a limit to what may be achieved with the simple analytic models discussed here. Al-
though they provide a conceptual framework in which to get a basic understanding of the SOL they do
not provide realistic predictions of the SOL behaviour. In order to design a fusion reactor detailed infor-
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Figure 2.6.: Collisionality and its impact on the variation of SOL plasma parameters. Figure courtesy of
JET image database JG98.435/11c.
mation on how density, temperature, electric field and velocities change spatially in the SOL is required,
and a means to compute how these scale for future devices. Thus robust numerical modelling is needed.
An extension of the simplistic model described above is Onion Skin Modelling (OSM), where the SOL
is treated as a series of narrow flux tubes modelled sequentially as coupled 1D systems. This is often used
for interpretive diagnostic purposes (modelling discharges with available measurements in order to infer
other properties of the discharge which may not be directly measured), in packages such as DIVIMP. A
further refinement is a full 2D laminar fluid model such as B2SOLPS, which will be discussed in the next
chapter.
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2.3. MAST divertor and SOL
MAST is symmetric about the mid-plane, with divertor coils situated at both the top and bottom of the
vessel capable of generating a null point in the magnetic field. By varying the current in the divertor
coils the distance between the flux surfaces associated with the upper and lower x-points can be varied,
allowing various magnetic configurations ranging from lower single null divertor (LSND) to upper single
null divertor (USND) operation. Double null configurations where the separation between the two flux
surfaces associated with the x-point is smaller than the typical SOL radial gradients are referred to as
disconnected double null, but if the separation is small compared to the ion gyroradius, the x-points are
effectively on the same magnetic surface and the magnetic configuration is said to be a connected double
null divertor (CDND). The standard mode of MAST operation is a CDND discharge.
Figure 2.7.: Cutaway showing MAST Divertor with poloidal control coil locations (left) and divertor
target plates (right).
In CDND configuration the inboard and outboard SOL are separated by the x-point and a private flux
region. They communicate only weakly and run between the upper and lower strike points respectively,
compared with the “fish” shape LSND configuration used by many other conventional tokamaks such as
JET, ASDEX and DIII-D, see fig. 2.7.
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The MAST divertor[10] (see fig. 2.7) consists of an inner strike point on the centre column and divertor
coil armour, and an outer strike point consisting of 48 louvered graphite wedges arranged radially in a fan
around the centre column and open to the main vessel. The surfaces are angled at 4◦ to the horizontal
to spread the incident power widely, while the leading edge of each tile shadows the next tile in order to
provide a gap for diagnostic access.
In typical MAST Ohmic L-mode discharges in excess of 80% of the power is observed arriving at
the outboard targets, and this is the region where diagnostic access is available for the purposes of this
investigation. The outboard SOL in Ohmic L-mode discharges is typically marginally collisional, with
typical separatrix densities at the outboard target and mid-plane to be of the order 3 × 1018m−3 and
6× 1018m−3 respectively, with corresponding temperatures of 17eV and 22eV . Typical SOL-widths are
on the order of 3-5cm and parallel connection lengths of the order 10-20m. [11, 12, 13].
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3. Intermittency and Flow
The measurement of flow in the SOL is a major area of interest for tokamak edge research. The im-
plications of SOL flow and a review of the current status of the field is given in section 3.1.1. Though
MAST has been in operation since 2001, and some measurements have been made (see section 3.1.3),
the investigations presented in this thesis are the first in-depth study of SOL flows and their scaling in
MAST and Spherical Tokamaks in general.
Due to the limitations imposed by the use of a reciprocating probe system the regime that can be
investigated is limited to L-mode discharges and in particular (for reasons discussed in chapter 5) to
Ohmic L-mode discharges, that is discharges without auxiliary heating that rely solely on the induced
plasma current to heat the plasma. Nevertheless this regime is still of interest, firstly as a simple case to
investigate the basic physics of flows, and secondly as L-mode itself may be of relevance for the operation
of proposed small ST reactors to avoid the high power fluxes associated with H-mode, and associated
phenomena as mentioned in section 1.3.3.
In addition to the experimental research, considerable theoretical effort in recent years has been put
into understanding the flow in the tokamak SOL. B2SOLPS5.0 is a simulation code that has been de-
veloped to simulate the tokamak edge and SOL. It has been used by Vladimir Rozhansky to simulate
discharges on MAST and the ASDEX Upgrade (AUG) Tokamak at Garching, Germany, in order to
identify the key drive terms responsible for parallel flows in the SOL (see section 3.1.2 and 3.1.4) and the
scaling of parallel flow with discharge parameters.
Rozhansky has formulated a simple model expression that shows good agreement with the full expres-
sion for drifts used in the simulation. The expression approximates the parallel flow as the sum of the
Pfirsch-Schlu¨ter return flow and parallel flow compensating for the Er ×B drifts, and predicts a scaling
of parallel plasma flow velocity proportional to temperature and inversely proportional to the poloidal
magnetic field. B2SOLPS5.0, the model expression and the predicted scalings are discussed in section
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3.1.4.
Thus the main aim of these investigations is to investigate SOL flow at the MAST outboard mid-plane
over a range of parameters, and compare the results and their parametric dependencies with those given
by B2SOLPS5.0 simulations and the analytical approximation.
The principle diagnostic available for the measurement of SOL flow on MAST is the reciprocating probe
system. A new head for this system containing an array of Langmuir probes, and associated electronics,
was developed in the course of these studies — the Gundestrup probe described in chapter 4 — in order
to measure the Mach number of the plasma.
Another major area of investigation in recent years is intermittency and turbulence in the SOL, in
particular in Ohmic L-mode discharges. It has been well established that the SOL — at least in L-mode
discharges — is significantly different from that described in the previous chapter. While diffusion is
identified as the key mechanism driving radial and cross-field transport in chapter 2, in reality the radial
convection of large field-aligned filamentary structures has been identified as the dominant process for
radial transport in L-mode discharges (see section 3.2).
The existence of these structures and the important differences between this new picture of the SOL
and the previous understanding raises important questions for the interpretation of Langmuir probes and
hence the measurement of flow. Furthermore, the measurement and understanding of these structures is
key to understanding the L-mode SOL. Thus additional studies were undertaken to develop an under-
standing of the L-mode SOL both to facilitate the measurement of SOL flow and to further investigate
these structures.
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3.1. Flow in the SOL
The plasma flow in the SOL is responsible for long-range migration of material around the tokamak and
impurity transport[14, 15]; is important in understanding density control and impurity flushing[16, 17];
and may be important in the generation of core rotation[18, 19] and the L-H transition[20]. Thus,
understanding SOL flows is critical to understanding edge physics and predicting the behaviour of future
devices, and has been investigated on a number of machines and configurations.
3.1.1. Overview of SOL Flows Studies
In chapter 2 the generation of flow in the simple SOL by pressure gradients was discussed. Early SOL flow
studies[21] frequently found asymmetries in the poloidal distribution of plasma flow, with high velocities
at locations that should represent stagnation points by symmetry arguments.
Fig. 3.1 shows a composite of flow measurements from a number of machines with similar LSND ge-
ometry in forward operation — forward operation is defined as the toroidal field is in the counter current
direction and the ion ∇B drift is directed downward, see fig. 3.4 — taken at a range of poloidal locations.
By symmetry arguments the stagnation point and upstream location in LSND was expected at the top of
the machine using the arguments in the previous chapter, being equidistant in the parallel direction from
the two divertor targets. The figure shows that most of the SOL experiences a strong flow with Mach
numbers on the order of 0.5 towards the inner divertor, with the flow peaking at the supposed stagnation
point. Measurements of divertor erosion [14] and deposition also support the migration of material in a
pattern consistent with these flows.
Fig. 3.2 shows the reversal of the magnetic field results in an asymmetric reversal of the flow direction
at both the mid-plane (Alcator C-Mod) and top of the vessel (JET). Fig. 3.3 shows the results of mag-
netic field reversal in a number of machines with similar geometry, it can be seen the stagnation point
in forward operation is very close to the outer divertor, with flow predominantly from the outboard side
to the inboard side, but with reversal of the field, the stagnation point moves towards the top the vessel,
but flow predominantly remains from the inner divertor to the outer divertor.
These results were surprising in two ways. Firstly, these velocities are larger than those predicted by
theory by factors of 5-10. Secondly, the stagnation point in forward operation is far from the expected
position, this suggests the poloidal distribution of particle sources in the SOL are different from that
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Figure 3.1.: From ref. [22]: (a) Illustration of the poloidal locations of Mach probe measurements in
a range of Tokamaks. (b) Blue: typical Mach numbers measured for medium ne = ngw
range (0.4 - 0.5), r− rsep ∼ 2cm at the outboard mid-plane in forward operation, at poloidal
locations indicated by symbol. Red shows expected flow pattern for poloidally symmetric
particle flux without drift effects.
assumed in the simple case, and indeed it is found that the bulk of the particle source is concentrated
at the outboard mid-plane[23][24]. The reversal of the flow with field reversal demonstrates two driving
mechanisms for SOL flow, one dependent on the toroidal field and one independent of toroidal field. The
toroidal field dependent mechanisms is identified as the classical particle drifts, while the toroidal field
independent mechanism was demonstrated to be a concentration of particle flux into the SOL at the
outboard mid-plane.
A review of the state of the field can be found in ref. [22]. However the next section will briefly review
the particle drifts in the SOL and how they can act to drive parallel flows, while the reason for the
concentration of particle flux at the outboard section will be discussed in the section 3.2.
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Figure 3.2.: (a) SOL Flow vs. distance from LCFS measured with a Mach probe at the top of JET[25] in
forward and reverse operation. (b) SOL Flow vs. distance from LCFS measured with a Mach
probe at the outboard mid-plane of Alcator C-Mod[20] in forward and reverse operation.
Figure 3.3.: Composite of parallel SOL flow radial profiles at various poloidal locations from various toka-
maks with JET-like LSND geometry in forward and reverse operation, showing stagnation
points. Figure courtesy of JET figures database, JG04.166-11c.
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3.1.2. Particle Drifts in the SOL
In chapter 2 a simple 1D approach was taken for analysing the SOL, with the SOL straightened out and
treated essentially as a line. In reality the geometry is that of a torus so the magnetic field is inhomoge-
neous, curved and decreasing in strength with radius. There is also a radial electric field in the SOL, and
both parallel and radial pressure gradients. In these circumstances various particle drifts arise, leading
to particle fluxes which can act as sources of particles into a flux tube such as that considered in chapter
2, and thus drive parallel flow.
First we will discuss the relation between the fluid and guiding centre flows as this will become impor-
tant when describing how the Pfirsch-Schlu¨ter flow (see section 3.1.2) arises. Following the ref. [26] we
start by considering the total flux in steady state conditions using the fluid momentum equation, which
can be expressed as
nv = nv‖
B
B
+
n
B2
E×B+ 1
eB2
R×B+ 1
eB2
B×∇p⊥ +
(
p‖ − p⊥ +mnv2‖
)
eB3
B×B · ∇B
B
, (3.1)
where R denotes the friction between ion and electron species. We will return to this equation later. The
total particle flux may also be expressed as
nv = n 〈vdr〉+∇×
(−p⊥
eB2
)
B+ nvcoll, (3.2)
where 〈vdr〉 is the drift velocity of a guiding centre, averaged over the distribution function of particle
velocities, and the collisional term is identical to the third term in equation 3.1. The first term is given
by integrating the equation of motion for a single particle over the velocity distribution, yielding
n 〈vdr〉 = n
〈
vdr‖
〉 B
B
+
n
B2
E×B+ p⊥
eB3
B×∇B+
(
p‖ + nmv
2
‖
)
eB3
B×B ·∇B
B
+
p⊥
eB3
B
(
B · ∇ × B
B
)
. (3.3)
The first term in both equation 3.1 and 3.3 represents the non-drift driven parallel velocity. The second
term is the E×B drift. The third term in equation 3.1 is the ion-electron friction, which is a purely fluid
phenomenon and hence can not be seen in single particle motion but included as the third term on the
RHS of eq. 3.2 when relating the drift flux to the fluid flux.
The third term in eq. 3.3 is the B×∇B (or simply ∇B) drift and the fourth term the curvature drift,
while instead equation 3.1 has a fourth term relating to the pressure gradient, the diamagnetic drift. It
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can be shown that the curvature and the ∇B drifts, together with the magnetisation flux and the final
term in eq. 3.3 correspond to the last two terms in eq. 3.1. Consideration must be given when moving
between fluid and single-particle descriptions of drifts: it is incorrect to apply curvature and ∇B effects
if one is also applying the diamagnetic effect. Furthermore, the particle drift velocities are not the same
as the fluid velocities. Rather, particle fluxes act as source terms in the fluid conservation of momentum
and particle equations.
The two main drift effects that this investigation is concerned with are the E×B and Pfirsch-Schlu¨ter.
As we shall see in later, the Pfirsch-Schlu¨ter can be explained either as resulting from the non-divergence-
free part of the diamagnetic flux, or as a flow required to close the momentum equation due to the ion
∇B drift. We shall now consider how these drifts and how they give rise to parallel flow.
A somewhat confusing convention is often used when analysing the drifts in the SOL, following from the
large aspect ratio approximation that holds for most tokamaks. Cross-field drifts are often approximated
to poloidal, and the subscript θ is used to denote a “poloidal” direction which is actually a cross-field
direction on a given flux surface (i.e. perpendicular to the radial direction and the field line direction),
whereas the true poloidal direction is given the subscript x. Similarly for the parallel and toroidal direc-
tions.
To avoid confusion, the following subscripts will be used to denote components of a variable: ⊥ will
denote the direction perpendicular to the magnetic field lines but in the plane of the flux surface, ‖
denotes the direction parallel to the magnetic field lines, r denotes the radial direction, θ denotes the
poloidal direction, and φ the toroidal direction. θ used as a variable, rather than a subscript, denotes the
pitch angle of the magnetic field with respect to the toroidal direction. The poloidal, radial and toroidal
axes are labelled x, y, z.
Fig. 3.4 shows the co-ordinate scheme in forward operation, defined as where the poloidal magnetic
field points downward on the outboard side and the toroidal field is in the counter current direction, such
that the B×∇B direction points to the lower divertor.
The E×B Drift
An electric field exists in the SOL in both the poloidal direction and in the radial direction (see fig. 3.5).
The radial electric field arises through a number of processes, but the simplest effect is the combination
52
Figure 3.4.: Sketch illustrating coordinate system used for drift analysis.
of the radial temperature gradient and the plasma potential ∼ 3kTe/e with respect to the target plate as
discussed in chapter 2. As the target plate is electrically conductive this leads to a radial electric field
Er ≈ 3kTe
eλTe
(3.4)
where λTe is the radial temperature scale length of the SOL, and thus a cross-field particle flux in the
poloidal direction
Γdrθ ≈ n
Er ×B
B2
=
n3kTe
eλTeB
. (3.5)
Also discussed in chapter 2, there is an electric field parallel to the field generated by the pressure
gradient that accelerates the ions to the sound speed for sheath formation. Other effects such as thermo-
electric currents and ion-electron friction can also contribute to parallel electric field, but for the simple
case for a sheath limited SOL considering only the electric field generated by the pressure gradient,
E‖ =
1
2
kBTe
eL
, (3.6)
with L the parallel connection length.
The value of E‖ given above was derived on the basis of a linearised 1D SOL. What it tells us is that
there is a potential difference between the upstream location and the target plates. However the tokamak
is toroidally symmetric, so the upstream location at one potential and the target at another potential are
really separated by a poloidal distance on the flux surface rather than a parallel connection length. Thus
this electric field found in chapter 2 is merely the parallel projection of a poloidal electric field. When
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this field is projected back into the poloidal plane it gives a radial particle flux of
Γr =
nkBTe
2eLBθ
. (3.7)
The field is much larger in the conduction limited case as the upstream temperature may be much larger
than the typical SOL temperatures in the sheath limited case, giving rise to thermoelectric currents and
larger pressure gradients.
The poloidal electric field produces a flux across the field lines in the radial direction to the inboard
side, a flux out of the SOL at the outer plate and into the SOL at the inner plate. This generates a
compensatory return flow in the parallel direction. By equating the total flux in and out of the SOL
(RHS) to a notional return flux carried along a SOL flux tube as wide as the SOL width,
1
2
4pi2aRΓdrr = 2piR (Bθ/B)λSOLΓ
return
‖ , (3.8)
the return parallel velocity can be found to be
vEθ×B,return‖ =
kBT
eBθλSOL
. (3.9)
The radial electric field similarly leads to a compensatory parallel flow, as particles drifting in the
poloidal direction act as an extra source term in the 1D fluid equations in the linearised model off the
SOL. The resultant compensatory parallel flow is often expressed as
vEr×B,return‖ =
Er
Bθ
. (3.10)
In terms of relative importance of the two E × B drifts, for sheath limited SOL with low parallel
temperature gradients, the effect of the radial electric field on parallel flow is much greater as the poloidal
electric field is weak.
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Figure 3.5.: Effect of E ×B drifts in the SOL: Magnetic and electric field vectors shown in blue, particle
fluxes black, and flows in red. (a) The radial E-field generates a poloidal flux which is
compensated for by a parallel fluid velocity, shown as poloidally projected. (b) The poloidal
E-field leads to a radial flux, which again leads to a parallel return flow. (c) Combined effect
shown in 3D.
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Diamagnetic Drift and Pfirsch-Shlu¨ter Flows
The term “Pfirsch-Schlu¨ter flow” was first used in relation to parallel ion flow caused by the divergence
of perpendicular (that is, perpendicular to the field but remaining on the magnetic surfaces) E×B and
ion diamagnetic fluxes by Hugill in ref. [27], as the expression for the resulting parallel ion velocity is
derived similarly to the derivation of the Pfirsch-Schlu¨ter current.
When considering flows in the SOL we are generally concerned with an accumulation or sink of particles
or momentum in space. As can be seen from eq. 3.11 the diamagnetic particle flux consists of two terms
involving curl that (unlike the E × B drift) are divergence free, producing a flux of particles forming a
closed circuit in the plasma, and thus does not produce a net particle source driving a fluid velocity along
a given flux tube.
B×∇p⊥
eB2
=
2p⊥
eB3
B×∇B − p⊥
eB2
∇×B−∇× p⊥B
eB2
(3.11)
However, the non-divergence free part leads to a poloidal particle flux, and Hugill shows this does not
satisfy the continuity equation and must be supplemented by a return flow parallel to the field.
As discussed at the beginning of 3.1.2, the curvature and ∇B drift in single particle motion,
vD =
mi
2eB
(
v2⊥ + 2v
2
‖
) B×∇B
B2
, (3.12)
can be related to the non-divergence free term of the diamagnetic drift. This can be seen by substituting
for the parallel and perpendicular particle velocities and multiplying by the density, one obtains the non-
divergence free term, 2p⊥eB3B × ∇B. In single particle terms the poloidal drift of ions towards the lower
divertor (in forward operation) leads to a density build up in the lower divertor and a parallel return
flow, referred to as the Pfirsch-Schlu¨ter return flow, is generated. Both descriptions are shown in fig. 3.6.
In cylindrical geometry the generation of parallel return flows from the cross-field drifts can be shown[28]
as follows: The poloidal projection of the cross-field particle fluxes from the E×B and diamagnetic drifts,
and the parallel velocity are given by
nv⊥i,θ =
(∇pi
eB
− nEr
B
)
Bφ
B
(3.13)
and
nv
‖
i,θ = nvi‖
Bθ
B
. (3.14)
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Figure 3.6.: Effect of diamagnetic and ∇B drifts: a net poloidal flux to the lower divertor requires a
parallel return flow to compensate in order to satisfy the continuity equation.
In steady state the combined ion flux must be divergence-free. This can be expressed as
d
dsθ
(
2piR∆nv⊥i,θ + 2piR∆nv
‖
i,θ
)
= 0, (3.15)
where ∆ is a small distance between flux surfaces. As magnetic flux is constant on a flux surface, and if
density is assumed to be constant on a flux surface (which is true in the core) then this simplifies to
d
dsθ

v⊥i,θ
Bθ
+
v
‖
i,θ
B

 = 0. (3.16)
From this, one can show (see ref. [28]) using approximations appropriate for large aspect ratio, cylindrical
plasmas and zero toroidal momentum,
vP−Si‖ =
aB
RBφ
2v⊥i,θ cosα, (3.17)
where aBRBφ is q, the safety factor and α the angle from the radial direction (see fig. 3.4). The Pfirsch-
Schlu¨ter term thus has greatest magnitude at the outer and inner mid-planes, and is zero at the top and
bottom. Thus two separate flow cells are created, with poloidal flux down towards the divertor plates,
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compensated for by parallel return flows to the top of the vessel.
Strictly speaking, in addition to being specific to large aspect ratio and cylindrical geometry, this
derivation is true only in the core plasma as we have also assumed pressure to be constant along the
flux surface so that ∇pi ≡ dpidr . While this is not the case in the SOL, the same processes apply, though
the analysis is complicated by parallel gradients. Nevertheless, this analytical solution turns out to be a
good approximation to a full numerical solution, as will be discussed in SECTION.
3.1.3. Flow in the ST and MAST
The obvious difference between MAST and conventional tokamaks is the magnetic configuration. Where
it is common to operate with LSND geometry, MAST generally operates in CDND. This leaves the high
field and low field side of the SOL separated by upper and lower private flux regions, with the flow of
plasma from the upstream location to upper and lower outer strike points rather than inner and outer
strike points. Thus there are effectively two weakly connected SOLs on the inboard and outboard side.
We will focus on the outboard SOL, running from the outer lower divertor to the outer upper divertor.
Fig. 3.7 schematically compares a linearised outboard CDND SOL with a linearised LSND SOL. The
CDND outer SOL is similar to the outboard side of the LSND. The only real difference is the radial flux
generated by the poloidal electric field. The electric field at the top of an LSND discharge is expected to
be weak, being close to the upstream location, whereas it is likely to be stronger near the top divertor
target in a CDND discharge. However in MAST L-mode the poloidal electric field is not expected to be
strong and this is likely to be a minor effect. In both cases we expect the stagnation point now to be
close to the outer/lower divertor due to the poloidal concentration of particle source in the SOL around
the outer mid-plane, and the drift related flows predominantly towards the inner/upper divertor.
A further difference is the curvature and gradient of the magnetic field. This is greater at the outboard
side in spherical tokamaks. Modelling using OSM2, an “onion skin” model that treats the SOL as a
series of radially coupled 1D systems, has indeed found significant differences between the flow profile
of MAST and conventional tokamaks[29]. The principal difference in the drive terms in the ST relates
to the larger variation in magnetic field strength on the HFS and the LFS and deep magnetic wells
compared to the conventional tokamak. The dominant effect was found to be the mirror force generated
by values of
∇‖B
B up to ten times larger than on JET. This acts to modify the velocity distributions of
charged particles in the regions with high
∇‖B
B , which acts as an upstream particle and momentum source.
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Figure 3.7.: Schematic comparing CDND and LSND SOL, showing direction of Pfirsch-Schlu¨ter, E ×B
flows, and the relative location of radial particle sources into the SOL.
Additional differences are likely to come from stronger particle flux due to turbulent convection (the
underlying mechanism for radial convection being related to curvature and ∇B as discussed later in this
chapter) leading to a greater concentration of the particle flux at the outboard mid-plane.
No major study of flow has been made in the larger ST devices in operation and though MAST has
been in operation for some years now, aside for some preliminary investigations no extensive experimental
measurements have been carried out to characterize the MAST SOL flow. Thus the need for a large scale
investigation of SOL flow in MAST is clear. The scope and aims of this study will now be discussed.
3.1.4. Flow Scaling Study in MAST
B2SOLPS5.0[30, 31] is a development on B2[32, 33], a long established part of SOL transport code pack-
ages. The code provides a consistent description of multi-fluid plasmas based on the Braginskii fluid
equations incorporating drift terms[34] and modelling anomalous cross-field transport as a diffusive pro-
cess.
The three principle drive terms for flow parallel to the magnetic field in the SOL in the B2SOLPS5.0
code, identified by Rozhansky [35] are discussed below and shown projected poloidally in figure 3.8
1. Poloidal Asymmetry of Particle Sources.
It has been suggested in several papers that an explanation for the anomalously high flow velocities
(which cannot be explained by simple incorporation of particle drifts into models) may be due to
poloidal asymmetry of pressure in the SOL[21], incorporated into numerical models as convection or
increased ballooning[36]. Experiments have shown that the particle source is indeed largely confined
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Figure 3.8.: Schematic showing poloidal projection of parallel flows driven by: the poloidal asymmetry of
radial particle flux into the SOL, Er ×B drifts, and the Pfirsch-Schlu¨ter flow compensating
for the vertical drift of ions.
to the outboard mid-plane[23][24]. The underlying mechanism for this is the bursting intermittent
transport described in the next section, which concentrates most radial transport at the outboard
mid-plane and leads to rapid cross-field convection of particles.
2. Pfirsch-Schlu¨ter Flux.
As discussed in section 3.1.2, the Pfirsch-Schlu¨ter flux closes the vertical drift of ions. An ap-
proximate expression for poloidally independent pressure, but taking into account non-cylindrical
geometry is given below. The full expression for the SOL where parallel pressure gradients exist
can be found in ref. [34], where it shown to give similar results to the expression presented here.
vP−S‖ =
(
∂pi
en∂r
+ Er
)
Bφ
BθB
(
1− B
2
〈B2〉
)
. (3.18)
3. Parallel Flux Compensating E×B drift.
The second drift related flow arises to compensate the E ×B drift due to the radial electric field
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in the SOL the poloidal electric field being weaker as discussed earlier.
The E×B drift itself drives a cross-field flow
vE‖ =
Er
Bθ
(3.19)
Figure 3.9.: Results of B2SOLPS5.0 modelling of a MAST discharge with parameters varied indepen-
dently, see ref. [37].
MAST and ASDEX discharges have been modelled in B2SOLPS5.0 in order to investigate the paramet-
ric dependence of parallel flow velocity[37], as part of a wider effort to explain the spontaneous generation
of toroidal rotation in the core in terms of viscous coupling between the edge and core. Simulation results
for MAST are shown in figure 3.9. The parameter scan in the simulations was performed holding other
variables constant (i.e. not a reflection of real discharges where such control would be impossible and/or
unphysical). The study concluded that the flow velocity was only weakly dependent on density and
toroidal magnetic fields, the magnitude of the velocity should increase with temperature and decrease
with poloidal field strength (see fig. 3.9).
Though the parallel flows due to the poloidal asymmetry of particle flux into the SOL could not be read-
ily determined as they could not be individually controlled as the drift terms, a simplified approximation
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for the dominant drift terms was proposed in ref. [37]
vModel‖ = v
PS
‖ + v
E
‖ , (3.20)
using eqs. 3.18 and 3.20. Though it is important to note that φ and p in the expression above are calcu-
lated assuming them to be flux surface functions, which is not correct for the SOL, the simplified model
produces similar results to the drift terms in the simulation and has the same parametric dependency. It
is predicted in ref. [38] from the model expression that the parallel velocity should be largely dependent
on the drift terms and thus scale as
v‖ ∝ A
T
Bx
+ C, (3.21)
as Er ≈ 3kTeeλTe can be substituted into equations 3.19 and 3.18.
Thus this investigation of flow in the MAST SOL will aim not only to characterise the radial profile
of plasma flow at the outboard mid-plane SOL, but also investigate the parametric dependencies of SOL
flow with a systematic scan of parameter space (discussed further in chapter 5) to test both this model
and the application of B2SOLPS5.0 to MAST against experimental measurements of the radial profile
and scaling of the SOL flow at the outboard mid-plane in MAST.
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3.2. Intermittency and Convection
3.2.1. Intermittent Radial Transport in L-Mode Tokamak SOL
It has long been known[39, 40, 41] that radial transport in the SOL of tokamaks (and other magnetic
confinement machines including stellarators and linear devices) does not conform to the diffusive models
described in the previous chapter. Effective diffusion coefficients that match the radial particle fluxes
— “anomalous diffusion” — observed in experiments are far greater than those predicted by classi-
cal and neo-classical theories. The extra transport is often attributed to turbulent processes. Some
explanations[42] — “gradient driven models” — of these high fluxes describe them as a quasi-diffusive
process — “anomalous diffusion”— with D = λ
2
c
τc
with λc and τc the correlation length and times of the
fluctuations. Assuming the correlation length is small compared to the typical gradient lengths of the
equilibrium, the equilibrium and turbulence can be considered separately, with the underlying equilib-
rium gradient remaining constant.
However such gradient driven models fail to explain experimental results[43]. Plasma profiles in the
far SOL, several centimetres from the core plasma, exhibit flattened, broad profiles implying an increase
in diffusivity with radius if diffusion alone is the mechanism for cross-field transport. Time series of
particle flux measurements show sporadic, intermittent “bursts” of high cross-field particle flux into the
SOL accounting for the bulk of the cross-field transport. Furthermore, statistical analysis of particle flux
[ref [44], and references 3-6 therein] show probability density functions with positive skew and significant
deviations from Gaussian for both particle flux and non positive-defined quantities such as potential
fluctuations.
Thus gradient driven models were supplanted by flux driven models, where an external flux from
the core into the system drives various instability mechanisms such as drift-waves[45] and interchange
instability[41], resulting in the intermittent bursts of transport likened to “avalanches”, with convection
rather than diffusion playing the dominant role during these events, hence explaining the flat profiles in
the far SOL.
The bursts themselves are observed to be due to the rapid radial convection of large-scale plasma
structures[46, 47, 48] — termed variously “blobs”, “avaloids”, “intermittent plasma objects (IPO’s)” etc.
— with typical radial velocities on the order of one tenth of the ion sound speed. These structures seem
to be a universal feature in magnetic confinement devices[44, 49]. These plasma structures are observed
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to be localised in poloidal and toroidal extent at the outboard mid-plane, and elongated along the field
line due to parallel transport, thus forming a filament structure. Though this filamentary structure had
been inferred from results such as those in ref. [39] the development and application of fast imaging
diagnostic systems[50] allowed direct observation (see also refs. [47] and [48]) and more in-depth study
of the structure and dynamics of these objects. The term “blob” is used to refer to the 2D cross section
in the plane perpendicular to the magnetic field, and “filament” for the full 3D situation.
3.2.2. Summary of the Blob Model
A description of the movement of dense regions of plasma in a surrounding ambient plasma had al-
ready been developed to describe the radial motion of the cloud of plasma produced by the ablation
of fuelling pellets[51, 52], and can be used to explain the radial motion of filaments in the SOL of a
Tokamak[53, 54, 55, 56].
Figure 3.10.: (a) Sketch illustrating blob polarization in an inhomogeneous magnetic field and subsequent
motion from ref. [56]. (b) Simulation results from ref. [55] showing evolution of the blob
density, displaying characteristic mushroom behaviour and dipole vorticity.
In the plane perpendicular to the field line a filament appears as a blob of excess density in the ambi-
ent plasma. In the presence of magnetic curvature and pressure gradients the drift direction of ions and
electrons is charge dependent, resulting in polarisation. An electric field is then formed in the vertical
direction, with sheath or plasma resistances[53, 54] or dissipation[55] preventing parallel currents from
fully shorting out the difference in potential. The resulting E × B drift then leads to a movement of
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plasma in the low field side direction towards the wall, generating a 2D “mushroom” profile, consisting
of vorticity dipole connected by a shock front and trailing wake. See figure 3.10.
The radial motion of the filaments may be affected by various parallel loss terms. Some studies have
suggested models whereby radial velocity is proportional to the amplitude and inversely proportional to
the scale of a blob, such that smaller blobs travel faster and propagate further into the SOL[54, 56], while
other investigations suggest[57] that the radial velocity is proportional to the square root of the amplitude
and inversely proportional to the radius of curvature and blob size. Secondary instabilities such as the
Kelvin Helmholtz[56], and interaction with the ambient plasma may lead to the fragmentation of the
filament, while parallel losses lead to the filament losing density and temperature to the diverter plates,
and may also allow for parallel currents that limit the electric field in the filament and thus set the radial
motion of the filaments[58]. Some blob models also indicate that regions of colder, under-dense plasma
should more in the opposite direction, towards the high field side, offering a route for impurity transport
from the SOL into the core.
It is worth noting that other models exist, such as a model describing avalanches and resulting convec-
tion without invoking the “blobs” described above[59], and also for obtaining radially moving filamentary
structures[60] using different mechanisms than that described here.
3.2.3. Impact of Convective Cross-Field Transport
The emerging picture is of turbulent, flux driven transport at the plasma edge. A narrow layer of SOL
plasma close to the LCFS exhibits the classic diffusive exponential fall-off behaviour associated with
diffusive processes, while instabilities in the plasma edge lead to localised regions of excess density and
temperature. Parallel transport extends these regions along the field line, leading to toroidally and
poloidally localised filamentary structures at the LCFS[61, 62]. The filamentary structures undergo po-
larisation due to charge dependent drifts, are then in turn convected to the vessel wall by E×B drifts,
accounting for a significant fraction of the local density in the SOL at all radii.
The convection of these large structures and their intermittent nature has a major impact on tokamak
edge physics. The fast radial motion of plasmas leads to a wider SOL than predicted by diffusive theories,
significant particle and heat flux to the plasma wall, and recycling in the main chamber[63, 64].
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This has a significant impact on divertor operation, in particular the scope for tightly baﬄed diver-
tors to control neutral density in the main chamber. It also has implications for impurity transport as
higher than expected particle and heat fluxes to the first wall will result in impurity sources closer to
the core plasma than the divertor, and wider distribution of tritium deposition in reactors beyond of the
divertor region. Edge turbulence has also been proposed as a mechanism underlying the density limit in
tokamaks[65].
Of particular relevance to the this thesis, radial convection is also responsible for the concentration of
particle flux into the SOL at the outboard mid-plane[23], and thus may be the main non-drift related
drive mechanism for parallel flow in the SOL[20, 25]. Furthermore, filaments may also convect plasma
momentum radially as they move outwards from the regions of their origin, complicating the radial profile
of flow velocity.
More immediately, the existence of correlated, intermittent and moving objects with temperature,
density and potential gradients on the same scale as the probe impacts greatly on the interpretation of
probe signals when measuring flow, which is based on theories derived assuming diffusive cross-field trans-
port and quiescent plasmas with no gradients in plasma parameters outside the presheath (see chapter 4).
These two reasons alone justify the incorporation of filaments and intermittency in the SOL into
the investigation, both as a potential driver of flows and from a diagnostic interpretation perspective.
Furthermore, as it has been suggested that the velocity and radial range of the filaments are related
to their size (see section 3.2.2), an understanding of the instabilities that generate the filaments, the
distribution of filament sizes, their structure, dynamics and evolution are necessary to fully understand
the physics underpinning SOL width and its scaling. Thus the scaling, origin and behaviour of the
filaments in are essential to understanding the behaviour of the SOL in current and future fusion devices.
3.2.4. Previous Intermittency Studies on MAST
MAST is well suited to investigate edge turbulence and plasma filaments: the large vacuum vessel and
lack of first wall allows for excellent diagnostic access and the possibility of studying the evolution and
dynamics of filamentary structures over large radii.
ST devices tend to have stronger magnetic field gradient and curvature, so that ∇B and curvature
drifts driving the potential difference responsible for the radial convection of the filamentary structures
66
are likely to be stronger than in conventional devices, resulting in greater convective transport; while the
low toroidal field strength at the outboard side means that the magnetic pitch angle is relatively large
(30◦−40◦) leading to greater poloidal separation of filaments at the outboard mid-plane, making it easier
to resolve individual filaments. MAST is also equipped with a range of fast diagnostic systems such as
the photron visible light camera, and the high temporal and spatial resolution YAG Thomson scattering
system.
Recent efforts have been made to study filamentary structures on MAST in both L-mode and during
both ELMing[66] and inter-ELM[67] periods of H-mode discharges. Concerning L-mode filamentary
structures, camera analysis in refs. [50] and [68] mapped field lines to filaments in order to establish their
location and tracked their toroidal motion through several frames to establish the lifetime, radial and
toroidal velocities, radial and perpendicular widths and quasi-toroidal mode numbers. The results are
summarised in table 3.1.
Table 3.1.: Table of results of fast camera image analysis of filament dynamics, showing lifetime; radial
and toroidal velocities; quasi-mode number; and radial & perpendicular lengths.
Regime τ [µs] Vr [km/s] Vφ [km/s] n Lrad [cm] L⊥ [cm]
L-mode 40 - 60 0.5 - 1.5 2 - 9 20 - 50 5 - 10 7 - 9
Inter-ELM 50 - 120 1 - 2 3 - 12.5 10 - 40 3 - 5 9 - 12
ELM 100 - 180 1 - 9 10 - 30 10 - 20 4 - 6 2 - 6
Studies on the impact of magnetic geometry[69]; scaling of turbulence and filaments with density and
relation to the density limit[70]; and other statistical analysis have also been performed[71, 72].
3.2.5. Importance of Intermittency for this Study
Of immediate concern is the interpretation of Langmuir probe systems in the tokamak L-mode edge,
in particular the impact on probes such as Mach probes and triple probes that have spatial scales that
may be on the same order as the perpendicular scales of the filamentary structures. As much of the
theory underpinning the use of Langmuir probes (see chapter 4) in tokamak SOLs is based on 1D models
assuming quiescent and steady state behaviour with diffusion into flux tubes, and no gradient in plasma
parameters between probe collection surfaces, greater consideration must be given as to when these as-
sumptions are truly satisfied.
In the case of the Mach probe consideration must be given as to how to extract the flow information
from the ion-saturation current time series and whether that information represents an ensemble average
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of flow velocities during filamentary events, the average flow of the ambient plasma, or some combination
of the two; and if there is any technique that can allow for the separation of flow measurements of the
ambient plasma and in filamentary structures.
While the statistical analysis of time signals that demonstrate the convective nature of transport are
well established — employed in many of the references in this chapter, for example refs. [44, 61] — it
is increasingly necessary to focus on measurements of the plasma parameters, dynamics and structure of
the filaments themselves in order to move towards a fuller understanding of their evolution, the tokamak
edge and how radial transport will scale in future devices; as well as to achieve an understanding of how
filaments and the probe interact for the purposes diagnostic interpretation.
The work presented in this thesis builds upon previous studies on MAST, covering the investigation of
intermittency statistics to determine the impact of intermittency on the interpretation of probe signals in
MAST, and the design and commissioning of a probe head (see section 4.4.3) to move beyond measurement
of the distribution of ion-saturation current time series to the investigation of the structure and dynamics
of filaments in MAST L-mode plasmas. Preliminary results of ESEL, a 2D turbulence code (see section
8.2.2), run with MAST like parameters are also used as a basis to investigate the expected signatures of
filamentary structures observed by the Filament probe, however these results will be presented in chapter
8 as ongoing work, as the experimental measurements have not yet yielded useful measurements due to
equipment failure.
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3.3. Summary
The scope of this investigation can thus be divided into two areas. The first is the investigation of SOL
flow in the MAST outboard mid-plane SOL. The objective is to characterise the radial SOL flow profiles
under a range of conditions in Ohmic L-mode, in particular exploring the parametric dependencies of the
flow. The profiles and their scalings can then be compared to those given by both B2SOLPS5.0 simula-
tions of the discharge and a simple analytical model to benchmark the code and test the importance of
the various drive mechanisms associated with them.
However, this investigation is complicated by the new understanding of the nature of the L-mode SOL.
Of particular consequence for probe based measurements is the existence of intermittent, large coherent
plasma structures with steep perpendicular gradients in plasma parameters. Thus the second area of
investigation: characterising the nature of these structures and their dynamics in order both to improve
the interpretation of probe signals for flow measurement, and to investigate the physics of these structures
themselves, as they are key to understanding the SOL in L-mode discharges.
The next chapter will discuss the physics underlying Langmuir probes and Mach probes and the design
and specifications of the two diagnostic systems constructed to achieve the objectives of this investigation.
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4. Langmuir Probes
Langmuir probes are one of the oldest type of plasma diagnostic, widely used in research and industry to
measure particle flux and potential by means of direct electrical contact with the plasma. While this has
the benefit of being easily implemented, there are significant drawbacks to Langmuir probes as a plasma
diagnostic.
Firstly and most obviously they are limited to use in cool plasmas which do not materially damage the
probe itself, restricting their use to the edge region in tokamak plasmas. They are also measurements
of the local plasma, which is itself perturbed by the presence of a material probe. While taking a mea-
surement is relatively simple in terms of hardware and procedure, significant interpretation is therefore
required to relate the measurement of the perturbed local plasma parameters back to that of the unper-
turbed bulk plasma. The validity of the assumptions made when interpreting Langmuir probe signals
must be carefully considered in order to make reliable measurements of the unperturbed plasma.
This chapter covers the basic theory underlying the interpretation of Langmuir probes for density,
temperature and flow measurements; and the design of the probe hardware used in the investigations of
the MAST SOL. The background theory of plasma-surface interaction and sheath physics are reviewed for
the magnetised and unmagnetised case in appendix A, and the important results are briefly summarised
in section 1. In section 2 the theory is applied to show how probe signals can be interpreted to recover
plasma particle density, electron temperature and plasma potential. In section 3 the various methods
for measuring plasma flow and drifts using probes are reviewed, in particular Mach probes, Directional
Langmuir Probes, and the Gundestrup Probe. Section 4 discusses the design of the MAST Gundestrup
and Filament probes, and their electronic systems.
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4.1. Background Probe Theory
4.1.1. Plasma Surface Interaction, the Sheath and the Bohm Criterion
Appendix A provides a more detailed review of background probe theory focused on achieving an under-
standing of the relationship between the bulk plasma and the particle flux and potentials experienced by
a probe surface, so that probe signals can be interpreted in order to infer the properties of the plasma in
the MAST SOL. A brief summary of the important points and results is given here.
Unmagnetised Case
In chapter 2 the basics of sheath formation were briefly summarised. The sheath is a region on the order
of a few λD between the surface and the bulk plasma which acts to repel electrons and accelerate ions.
Due to the higher electron mobility the surface will continue to accumulate charge until the field is strong
enough to bring the electron and ion currents into equilibrium. Such a surface is termed floating and is
at the floating potential. Outside of the sheath edge quasineutrality and shallow potential gradients are
restored. In tokamak plasmas the Debye length is typically on the order of 10−5m, much smaller than
typical probe dimensions, so the effect of the sheath on collection area can be ignored.
The system can thus be divided into four regions (see fig. 4.1):
1. The probe surface, where we can directly take measurements of potential and current.
2. The sheath, a narrow region on the order of the Debye length, with a strong field and rapid drop
in potential which repels electrons and accelerates ions. Electron density falls much faster than ion
density in this region.
3. The presheath, an extended region of quasi-neutral plasma with weak, slowly varying electric field.
4. The bulk plasma, the parameters of which we are trying to infer from the potential of, and flux to
the probe surface.
The Bohm criterion (see appendix A for a brief derivation and further discussion) requires that the
ions cross the sheath edge with a velocity greater than the ion sound speed. Thus at the sheath edge the
ion velocity is
vi,se = Cs =
√
kB(Te + Ti)/mi. (4.1)
The potential drop across the presheath required to attain this velocity is thus
eφse = −1
2
(kBTi + Te) . (4.2)
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Figure 4.1.: Density and potential at the surface, along the sheath, presheath and in the bulk plasma.
It is also shown in appendix A that the potential drop across the sheath in the floating case is
e (φprobe − φse) = −1
2
kBTe ln
(
Mi/Me
2pi(1 + Ti/Te)
)
, (4.3)
with the total drop from the bulk plasma to the surface on the order of ∼ 3kBTe.
We now take the surface to be a probe. The bulk plasma itself can not be accessed directly as a sheath
and thus a potential drop must always form to a material surface. Instead we take measurements with
respect to the vessel wall. We assume it to be electrically conducting and thus effectively a large floating
surface. The probe surface is separate from the rest of the vessel wall but electrically connected to it
through an external circuit (see fig. 4.2). We refer to the surface as the “collection surface”.
If the collection surface is connected to a power supply and biased strongly negative with respect to
the vessel wall at floating potential then the electron current will drop to zero, and the current drawn is
the ion-saturation current, which can be related to the density of the bulk plasma by the Bohm Criterion
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and the potential drop across the presheath:
Isat = ense
√
kB(Te + Ti)/mi. (4.4)
If the probe is biased positively with respect to the floating potential then the probe will start to repel
fewer electrons from the plasma. If the probe is biased to a potential greater than the potential drop
required by the Bohm criterion then the sheath will not form at all. Electron current to the probe is
given by the thermal velocity of the electrons. If the probe is biased sufficiently positive then all ion
collection will be excluded and the probe will start to draw electrons from the plasma and is said to be
in electron saturation mode.
In practice the electron saturation current is very high, which poses problems for diagnostic equipment
in tokamaks necessitating either high current power supplies and a probe capable of withstanding the
significant heat flux to it, or a small probe scales which lead to complications in interpretation and
damage in high temperature plasmas. The equipment used in the course of these investigations does not
use the electron saturation characteristic and thus it will not be considered in any detail.
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Figure 4.2.: Floating, ion-saturation and electron saturation probes.
Magnetised Case
The immediate effect of adding a magnetic field will be to constrain the motion of ions and electrons to
execute Larmor orbits in a plane normal to the direction of the field. The electron gyroradius is smaller
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than that of the ions and thus electrons are more strongly affected: with typical tokamak SOL parame-
ters the electron Larmor-radius will be of the order 10−5m, much smaller than typical probe dimensions.
The cross-field electron mobility is therefore reduced but the parallel mobility is unaffected, resulting
in a reduction in the electron saturation current as electron flux to the probe is limited to cross-field
diffusion into the flux tube terminated by the probe. For the floating and negatively biased probe cases
the electron density is still governed by the Boltzman distribution as electrons are simply repelled by the
potential gradients in the sheath back along the field line.
Therefore the main factor determining the interpretation of probes is whether the ion groradius is
larger than the probe scale lengths (unmagnetised) or smaller than the probe scale lengths (magnetised),
see fig. 4.3. In the case of unmagnetised probes the effects of the Larmor orbit can essentially be ignored
and the results remain as before.
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Figure 4.3.: Particle trajectories and probe bodies: a probe is magnetised if much larger than the ion
gyroradius and unmagnetised if not.
In the case of the magnetized probe the ions are constrained to follow the field lines. In a tokamak
SOL it is assumed that the strong magnetic field means that ions may only arrive into the flux tube
terminated by the probe collection surface through diffusion. The presheath thus extends along the field
line to a length where cross-field diffusion into the presheath is sufficient to match particle flux out of the
presheath. This region will be referred to as the plasma-presheath, and can be viewed to be essentially 1D.
As in the case of the unmagnetised presheath, there is a weak electric field in the plasma-presheath
generated by the acceleration of the electrons due to their pressure gradient. This electric field is par-
allel to the magnetic field lines. The region is quasineutral and the flow is ambipolar. As with the
unmagnetised case, ion particle flow to the probe is determined by the conditions and forces acting in
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the plasma-presheath. Further implications of this for the plasma-presheath are discussed in appendix A.
So far the assumption has been that the field line is normal to the probe surface. However the mag-
netic field need not be normal to the probe surface. A theory for the collection of ions by a surface at
an arbitrary angle to a strong magnetic field was first developed by Chodura[73] and further developed
to cover a variety of regimes[74, 75]. The implications of this are now briefly summarised.
If the magnetic field is oblique to the probe surface, as in fig. 4.4, there is an additional region between
the plasma-presheath and the electrostatic sheath, the magnetic-presheath. Although quasineutrality is
maintained in this region, there is a weak electric field perpendicular to the probe surface that though
strong enough to deflect ions from their motion along the magnetic field, is smaller than that of the
sheath itself.
v = c
n = n
e i
i s
B
Magnetic-
Presheath Sheath
Figure 4.4.: Sheath, magnetic-presheath and plasma-presheath for a surface at an angle to the magnetic
field.
As discussed in appendix A, a modified form of the Bohm-criterion (the Bohm-Chodura criterion) ap-
plies to sheath formation: in the absence of a cross-field flow the ions must enter the magnetic-presheath
with a parallel velocity equal to or greater than the sound speed. The electric field in magnetic-presheath
turns the trajectory of the ions so that they enter the electrostatic sheath with a velocity perpendic-
ular to the probe surface equal to the sound speed, the Bohm Criterion for the electrostatic sheath
to form remaining unaffected. The scale length of the magnetic-presheath is the ion gyroradius, and
the potential drop from the bulk plasma to the probe surface remains about the same as previously. If
the magnetic field is normal to the probe surface then it can be shown that the Bohm criterion applies[76].
This means that for practical purposes, provided the mean free path of ions parallel to the field is
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larger than the magnetic-presheath length and the angle of the collection surface to the magnetic field
is not too shallow, the main effect of the magnetic field is to modify the area of the probes collection
surface to the projected area perpendicular to the field, as the ion flux to the probe is the same as that
crossing the magnetic-presheath edge. However if cross-field drifts are considered the effects of the angle
of a probe surface to the field can be used to develop an interpretation that allows cross-field velocities
to be measured. This will be covered in part of section 3 devoted to directional Langmuir probes.
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4.2. Density and Temperature Measurements Using Langmuir probes
Using the theory summarised in the previous section it is possible to devise a number of schemes using
probes connected to external electrical circuits to measure the plasma parameters.
Obviously the ion-saturation current can be related to the plasma density using the Bohm value for
ion-saturation current. Temperature can be determined from the difference between the floating poten-
tial and the plasma potential. However, as noted earlier, it is not possible to directly access the plasma
potential.
There are two main approaches to determine the electron temperature. The first is to exploit the
current/voltage (I-V) characteristic of a probe, sweeping the applied voltage and recording the current
drawn. The second approach is to combine information from several probes with fixed biases to provide
the same information. Although this requires more assumption to be made about the plasma and thus
places further constraints on the conditions where the measurement is valid, it is much faster than swept
measurements. The Langmuir probe embedded in the MAST divertor (the target probes) are commonly
operated in swept mode, though they can be permanently driven into ion-saturation mode for taking
fast measurements. However the main diagnostic systems developed and used by the author in this
investigation are not operated in swept mode. A brief overview of the interpretation in swept mode is
included for completeness.
4.2.1. Single Probes
Taking the simplest possible case, a single probe immersed in the plasma and biased against the vessel
wall, the current drawn will be given by:
I = jiAs − jeAp, (4.5)
j denoting current densities, As being the area of the sheath as any ions crossing the sheath edge are
collected, and Ap for the case of the electrons as the electron current will be the electron density at the
probe surface reduced by the Boltzman factor. In the previous section we noted that the sheath width
was negligible for typical tokamak edge conditions so that As = Ap. However the sheath width may vary
with potential (see appendix A), particularly if biased strongly negative, and this will impact upon the
I-V characteristic. For the purposes of looking at the swept probe characteristics the distinction between
the sheath area and probe area will be noted.
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If the probe is biased negatively into ion-saturation current mode then je goes to zero, and the current
drawn can be related to n∞ by the Bohm formula (eq. 4.4). This requires that we know the value of Ti.
There is no simple, fast, single probe measurement for Ti, though schemes do exist for probes to measure
them[77], such as the Retarding Field Analyser (RFA), Plasma Ion Mass Spectroscopy (PIMS), and the
Tunnel Probe. None have been implemented in the MAST SOL due to the complications posed by the
low magnetic field (and hence large ion Larmor radius), small Debye length and variation of the magnetic
field strength at the outboard mid-plane (both in time and with radius). Instead assumptions must be
made about Ti with relation to Te, which can be measured.
Differentiating the expression for I with respect to probe potential:
dI
dφ
=
d
dφ
(jiAs − jeAp) . (4.6)
ji does not vary with φ unless φ is biased to the plasma potential, where the Bohm criterion can not be
met and sheath formation breaks down. If a region is picked where the Bohm criterion is met, and As
does not vary strongly with φ,
dI
dj
= − e
Te
(Apje) . (4.7)
Taking the thin sheath, so that As = Ap,
dI
dφ
=
e
Te
(I −Apji) . (4.8)
So, if the probe biasing voltage is swept from strongly negative to positive and the current recorded,
the probe I-V characteristic can be used in the ion-saturation region to find n∞, and from the slope and
difference between the recorded current and the ion-saturation current, Te can be calculated. See fig. 4.5
This has the main drawback of being limited to the sweeping frequency. If density and tempera-
tures fluctuate on a timescale that is comparable to the sweeping time then the measurement will not
be accurate[78]. It also limits the time scale over which measurements can be made, and requires the
recording of a large amount of experimental data to take a single measurement. However the more de-
tailed analysis of the I-V characteristic allows for checking of the validity of the measurement and the
measurement itself is normally reasonably accurate provided all the measured quantities are well known.
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Other factors complicate the use of biased probes. The return path for the current will be from the
probe to the vessel wall. This can introduce complicated current paths and plasma resistances that will
in turn limit the applicability of this simple analysis (see fig. 4.6). However for probes embedded in
a surface that is electrically connected to the vessel wall, the return paths are short and local so these
factors are not significant. These make swept probes a very useful diagnostic for measurement of plasma
density and temperature profiles at limiters and divertor targets. In MAST the target probe systems are
operated in this way to provide SOL temperature and densities for the SOL. They may also be used in
ion-saturation current mode, where they are able to provide very fast measurements of particle flux, but
no longer provide information on temperature and density.
However if we want to measure temperature and density at positions far away from the vessel wall,
then the plasma resistances are such that a single probe will incur inaccuracies due to these complex
return paths. Particularly if the probe is operated in electron saturation current mode as the overall
current that is driven through the circuit is determined by the flux of ions to the vessel which is normally
not well known.
4.2.2. Double Probes and Triple Probes
An obvious solution to the problems presented by the return path is to bias two adjacent probes with
respect to each other (see fig. 4.5). Here we assume the probe areas are equal, though of course they
do not have to be. The maximum total current drawn will be jiAp, as one probe can at most repel all
electrons and draw only the ion-saturation current while the other probe, the reference probe, will collect
electrons and ions but cannot conduct more current than is collected by the first probe. The I-V curve
must be symmetric, so when operated in swept mode this potentially allows for faster sweeping to get
the same information. However as only part of the I-V probe characteristic can be sampled — the region
between the floating potential and the ion-saturation current — and the electron current is provided by
the high energy end of their distribution, if the electron distribution is non-Maxwellian the measurement
will be erroneous.
An extra practical advantage is that the power supply biasing the probe is now floating with respect
to the vessel earth, which minimises exposure to voltage spikes and arcs that might be associated with
extreme plasma events such as sawtooth oscillations, which can damage the probe. In addition, in this
arrangement, no matter how strong the bias there is no danger of drawing the electron saturation current,
which can result in high power fluxes to the probe, saturate power supplies, and cause damage to the
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system.
While the double probe provides information of the local ion flux to the probe on a fast time scale
it does not provide a measure of temperature that is needed to relate that particle flux to the plasma
density. Ideally we would like to make a simultaneous and rapid measurement of density and temperature.
The addition of a third probe measuring the floating potential allows the temperature to be measured
simultaneously. If we consider the total current drawn by the system:
I = I+ + I− = Is − Ie(φ1) + Is − Ie(φ2) = 0, (4.9)
the ion-saturation current terms cancel and we are left with a relationship between the current drawn
and the probe biasing potentials and the floating potential of the local plasma:
2 = exp
(
e (φ2 − φf )
Te
)
+ exp
(
e (φ1 − φf )
Te
)
. (4.10)
Providing that φ1−φf ≪ 0, which will be the case if the biasing voltage is large, then the exponential
term in φ1 goes to zero, giving the expression:
Te =
e(φ2 − φf )
ln 2
. (4.11)
This arrangement of probes has the benefit of giving us a near-instantaneous — up to the sheath
formation time scales — and simultaneous measures of density from the current (provided the biasing
voltage is large enough to drive the double probe into ion-saturation) and electron temperature.
However certain assumptions have been made, imposing certain criteria for the use of eq. 4.11. Firstly,
the probes must not be shadowing each other or their presheaths will interfere and the above analysis no
longer holds true. Secondly, there must be no local fields generated by charge separation etc. The triple
probe is sensitive to field variations on the order of the weak fields that would alter the floating potential
that the two electrodes experience in the absence of a biasing voltage. Another way of expressing this
is that all three probes must be sampling plasma with the same properties and at the same plasma
potential. As with the double probe, equation 4.11 relies on the electron distribution function in the tail
of distribution function. If the electrons are non-Maxwellian and are not governed by Boltzman statistics,
then significant errors will be introduced in the measurement of Te.
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Figure 4.5.: Single, double and triple probe schematics. Figure courtesy of JET image database, drawing
number JG96.132/1c.
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Figure 4.6.: Return path for the current drawn by a single probe may be complex due to sheath resistances
and higher cross-field resistances. Figure courtesy of JET image database, JG99.161/12c.
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4.3. Flow Measurement with Langmuir Probes
Although used in earlier plasma experiments[79] probe based measurements of plasma flow began to be
used extensively in tokamaks in the 1980’s[80, 81, 82] and a variety of types of probe were developed to
do this.
The most simple and intuitive arrangement is simply two electrodes separated by an insulating barrier,
with the reasonable assumption that if there is a net drift in the flow then the ion flux to the upstream
probe will be greater than the ion flow to the downstream side. This arrangement is known as a Mach
probe, occasionally referred to as a “Janus” probe. In practice the interpretation of Mach probes in mag-
netised plasmas proved to be controversial. Subsection 1 will be devoted to a review of Mach probes and
the interpretations developed for using them to measure flow velocities in magnetised plasmas. Appendix
B contains further details of Stangeby’s and Hutchinson’s 1D analytical fluid models.
Figure 4.7.: Mach probe, directional Langmuir probe and Gundestrup probe.
Another intuitively obvious case is the directional Langmuir probe. This is a collection surface that
has a collecting surface that presents a fixed angle to the flow in the plasma. This can then be rotated
to record particle flux against angle. This method also yields information regarding cross-field flows. A
further enhancement is the Gundestrup probe, an array of probe surfaces able to measure the parallel
and cross-field flows in the plasma. Subsection 2 reviews the directional Langmuir probe, the Gundestrup
probe and the measurement of cross-field flows.
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As discussed earlier a key parameter is the ratio of the ion gyroradius to the probe dimension, de-
termining whether the probe is magnetised or unmagnetised. In the case of conventional tokamaks the
magnetic field generally falls off more slowly at the edge than in spherical tokamaks, and so in the earlier,
cooler devices this produced small Larmor orbits that met the criteria for magnetised probe interpreta-
tions. Much of the early work on Mach probe interpretation was developed over two decades from the
1980’s, and verified in linear devices using Doppler spectroscopy. Initially the interpretation focused on
1D fluid models and the measurement of parallel flow and then extended to measure cross-field flows.
Paradoxically the theory of probe measurements and flow in unmagnetised or weakly magnetised
plasmas is more complicated than for a magnetised plasma where the guiding-centre motion can be
used to impose a 1D treatment. Unmagnetised probes on the other hand require 2D or 3D analysis, so
although Mach probes had been previously used in plasma experiments that did not involve magnetic
fields[79], the theory for interpretation of unmagnetised Mach probes was under-developed[83, 84]. Only
relatively recently has the unmagnetised or weakly magnetised case been revisited and new attempts
made to develop a rigorous theory of Mach probe interpretation in these cases. The interpretation of
probe signals for velocity measurements in weakly magnetised or unmagnetised plasmas will be covered
in Subsection 3.
4.3.1. Parallel Flow Velocity and Mach Probes in Magnetised Plasmas
The basic concept of a Mach probe is fairly simple. Intuitively one would expect that an upstream facing
collecting surface will have a higher particle flux than a downstream facing collecting surface. This is not,
however, due to the fact that ions cross the sheath edge at a higher velocity. As shown in appendix A,
the ion velocity across the sheath edge is fixed at the sound speed — this being the criteria for the sheath
to form — so the ion flux to the collection surface is determined by the forces acting in the presheath.
If the forces acting in the presheath are considered the basic reason for the difference in plasma flux
becomes clear. Consider a drifting Maxwellian velocity distribution for the ions: it is clear that the field
in the presheath required to accelerate the ions to meet the Bohm (or Bohm-Chodura) criterion must
be greater for the downstream side than the upstream side, see fig. 4.8. The electron density, being
governed by the Boltzman relation, will be lower on the downstream side as the potential drop across
the presheath is greater. As quasi-neutrality is maintained in the presheath the ion density drops corre-
spondingly, so that the ion flux across the sheath edge to the probe will be lower for the downstream case.
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Thus it should be possible to obtain a value for the flow velocity of ions in the undisturbed plasma by
comparing upstream and downstream ion-saturation currents. The experimentally measured quantity is
defined as R = ΓuΓd . R is given by the ratio of the ion-saturation currents drawn by two probes separated
by a physical barrier that inhibits particle flux from one direction, such that one probe faces upstream
and the other downstream.
Figure 4.8.: A Mach probe in operation. The Bohm criterion requires the ions be accelerated from the drift
velocity to the sound speed. As the probes face opposite direction the direction of acceleration
is different for upstream and downstream facing probes. Thus the potential drop along the
presheath is greater on the downstream side, the electron density falls further, and as the
plasma remains quasi-neutral up to the sheath edge the ion density also falls, resulting in a
lower ion flux across the sheath edge on the downstream facing probe and a correspondingly
lower ion-saturation current.
Stangeby developed a 1D fluid theory for the interpretation of probes in tokamak plasmas[76, 85, 86].
This suggested that the Mach number for the flow of an unperturbed plasma M∞ =
v∞
cs
could be
determined from the ratio of upstream and downstream ion-saturation currents R through the expression:
R =
Γu
Γd
= 2
(
1−M∞
1 +M∞
)
. (4.12)
Harbour and Proudfoot, using data obtained from measurements of the bundle divertor in DITE, com-
pared Stangeby’s model[80] with a particle model derived from Mott and Langmuir’s work (see ref. [6]
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in [80]).
R =
[
exp(−M2∞) +M∞
√
pi(1 + erf(M∞)
]
[− exp(−M2∞) +M∞
√
pi(1− erf(M∞)] (4.13)
and found that neither it nor the particle model produced the expected Mach numbers. On the basis of
the results obtained, they empirically derived[81] an expression that yielded Mach numbers that reflected
the expected flow velocities:
R = exp
(
M∞
0.6
)
. (4.14)
Hutchinson[87] developed a modified version of the 1D fluid model used by Stangeby. The princi-
ple differences between Stangeby and Hutchinson arise from the former model neglecting the cross-field
diffusion of particles out of the plasma-presheath carrying momentum with them. The differences can
be shown to be a result of the choice of a parameter α = η⊥min∞D⊥ , where η⊥ is the shear viscosity of
the plasma. This is the ratio of cross-field particle diffusion and cross-field momentum diffusion, with
Stangeby’s model being the case where α = 0, and Hutchinson taking α = 1 in this case. The simple
analytical 1D fluid model is covered in appendix B.
Stangeby and Hutchinson debated[88, 89] the appropriateness value of α. Hutchinson further explored
the effects of varying α and for a fixed value of alpha, extended the model into 2D[90], confirming the
1D approximation was in good agreement with the 1D results, giving:
R = exp
(
M∞
Mc
)
, (4.15)
whereMc is the Mach calibration number, determined by the value of α and
Ti
Te
. Interestingly the variation
in α does not cause a large change in the theory provided that it is greater than 0, with Mc being given
between 0.41 and 0.45 in ref.[90]. Chung and Hutchinson[91] developed a 1D kinetic model including dif-
fusive source terms to account for the effects of viscosity which produced results similar to the fluid model.
Chung and Hutchinson[93] made a comparison of the various theories on PISCES (a linear device),
finding viscous models with α = 0.5 to be the best model for the results obtained. Further work followed
to validate Mach probe theories in linear devices using laser induced fluorescence as an independent
measurement of velocity[94, 95, 96], and direct measurements of α along with the flow velocity using a
probe[97, 98]. Though some results support the inviscid theory[99, 100], the majority have tended to
support viscous theories for ion collection with a value of alpha between 0.5 and 1, see fig. 4.9.
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Figure 4.9.: Upstream to Downstream Isat ratios as a function of Mach number, showing the results
of 2D kinetic results of Gunn, the 1D kinetic results of Chung, 1D viscous fluid results of
Hutchinson, 1D inviscid fluid results of Stangeby, and LIF measurements of Poirier. Figure
taken from ref. [92].
However it is not clear to what extent plasma viscosity varies between machine and scenario, though
it seems that in most cases the viscous theory is more generally applicable if the viscosity is not known.
This is because the variation in M for a given R is relatively small for any η 6= 0, whereas adopting the
inviscid theory produces significant differences and is correct only for the situation where η = 0.
Simple 1D Fluid Model
The more detailed numerical simulations referred to above produce more accurate interpretations relating
R and the plasma Mach number. The simple analytical 1D fluid equations and their application are briefly
covered here to provide a conceptual understanding of the physics involved, and highlight the important
difference between the viscous[87, 90] and inviscid[85] model. A more detailed discussion and derivation
can be found in Appendix B.
Taking the case shown in fig. 4.10, with ρi ≪ a, the ion collection by the probe is determined by the
cross-field diffusion into the presheath, even if the parallel flow is dominated largely by inertial effects
(see Section 1.1 of this chapter). The presheath is quasi-neutral and becomes highly elongated to balance
cross-field transport with parallel losses at the end. The momentum equations can be expressed in terms
of the source term, defined in terms of the rate of gain of particles per unit length, Ω.
It is here where the main difference between Stangeby’s inviscid and Hutchinson’s viscous model arise.
Hutchinson includes the loss of particles out of the presheath, taking D⊥ to be the same in the presheath,
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Figure 4.10.: Particle flux to a “magnetised” Mach probe.
and notes that a particle entering the presheath will do so with the drift velocity, but a particle leaving
the presheath will do so having been accelerated to vi(x):
nivi
dvi
dx
= −c2s
dni
dx
+Ωn∞ (v∞ − vi) . (4.16)
Stangeby’s momentum equation only includes a drag term for the difference between the drift velocity
and vi
nivi
dvi
dx
= −c2s
dni
dx
− Ω (n∞ − ni) (vi − v∞) . (4.17)
Combining the continuity and momentum equations Stangeby produces an analytically integratable
expression that relates R to M∞ by
R =
2 +M0
2−M0 . (4.18)
Taking Hutchinson’s momentum and continuity equations, using fits to numerical results[101],M∞ can
be related to R by
R = exp
((
2.2− 1.2 (1−√α))M∞) . (4.19)
For α = 1 this gives Mc = 0.45.
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4.3.2. Directional Langmuir Probes and Gundestrup Probes in Magnetised Plasmas
Aside from parallel flows, the magnitude of perpendicular velocities induced by various drifts and other
drive mechanisms are a matter of interest.
Attempts have been made to measure cross-field flow by using planar probes that present an oblique
angle to the field line. Experiments do indeed demonstrate that the ion-saturation current varies in
the presence of a cross-field flow, with an interpretation[102] based on the idea that the cross-field and
parallel currents were additive.
However Hutchinson’s[89] model demonstrates that for a planar probe normal to the magnetic field
the form and spatial variation of the perpendicular flux into the plasma-presheath, whether diffusive or a
coherent flow, has no effect on the flux across the magnetic-presheath edge but merely causes the length
of the plasma-presheath to vary. This suggests that the flux across the edge of the magnetic-presheath
is unlikely to be simply additive.
Van Goubergen et al[103] extended Hutchinson’s 1D fluid models to explicitly include M∞⊥. Propa-
gating the changes in the fluid model (See appendix B) through, this gives:
dn
dx
=
(
M‖ − (M⊥ cot θ)
)
(1− n)−
(
M‖∞ −M‖
)
[1− n (1− α)]((
M‖ − (M⊥ cot θ)
)2 − 1) (4.20)
and
dM‖
dx
=
[(
M‖ − (M⊥ cot θ)
) (
M‖∞ −M‖
)
[1− n (1− α)]
]
− (1− n)
n
((
M‖ − (M⊥ cot θ)
)2 − 1) , (4.21)
The denominators provide a form for the Bohm-Chodura criterion at the magnetic-presheath edge
(MPSE) for a planar probe with angle θ to the field line (see fig. 4.11) in the presence of a cross-field
drift,
M‖,MPSE =
M⊥
tan θ
+ 1. (4.22)
This implies that the parallel flow at the magnetic-presheath edge must adjust to with the angle the
surface presents to the field in the presence of a coherent cross-field flow (as opposed to diffusive cross-field
particle movements in section 4.1.1 and fig. 4.4). As the particle flux crossing the magnetic-presheath
edge is the ion-saturation current, this demonstrates that a value forM⊥ can be determined with a planar
probe presenting an oblique angle to the field line.
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Figure 4.11.: Planar probe at an angle to the magnetic field in presence of parallel and cross-field flows.
Combining the two expressions with α = 1, an approximate analytical expression can be found that
gives:
R = exp
(
c (M∞)
(
M‖ − (M⊥ cot θ)
))
, (4.23)
where c is a fitting constant to exact numerical integrations of the combined expression. c was found to
be a weak function of M‖∞ lying somewhere between 2.3 and 2.5.
Gunn et al[92] found the following expression for c
c = 2
(
1 + 0.14 cosh
(
M‖
0.862
))
, (4.24)
by fitting to a 2D Kinetic code written for the purpose, and verified their fit with comparisons to data
from experiment. Other studies have determined different values for c, particularly for values of M >
0.6, (see ref. [104], though as c is determined through numerical fits, there is no definitive form.
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4.3.3. Unmagnetised Case
Although the principles underlying the interpretation of Mach probes in magnetised plasma still hold in
the unmagnetised (where ρ > rp) case — that the ion flux will be lower as a the presheath potential drop
must be greater on the downstream side in order to meet the Bohm criteria — without the constraint of
a strong magnetic field the problem becomes multi-dimensional, as illustrated in fig. 4.12.
Figure 4.12.: Particle flux to an “unmagnetised” probe, showing distortion of presheath on downstream
side, and 2D ion trajectories.
Hudis and Lidsky[79] developed a model for ion-saturation currents in unmagnetised plasmas with
Ti ≪ Te for use in the interpretation of Mach probes, with the form
R = exp
(
4
√
Ti
Te
M∞
)
. (4.25)
The model is simple and developed for application of their experimental results, but had considerable
drawbacks and can be demonstrated to be unphysical[83]. Despite this, over time it became widely ac-
cepted and used for flow measurements in small, weakly magnetised plasma experiments.
Chung[105] in 1991 developed an interpretation with a stronger physical basis, Hudis and Lidsky’s form
was still widely used in 2001 (Refs. 3,4,5 in [83]). Chung used a 1D kinetic model, taking perpendicular
velocity as a source term and neglecting viscous terms, to develop an interpretation with the exponential
form, obtaining values of Mc = 0.83, 1.00, 1.10 for
Ti
Te
= 0.2, 1.0, 2.0 respectively, which has agreement
with the Hudis and Lidsky model for the small Ti/Te case. This perhaps explains the continued usage and
success of Hudis and Lidsky’s model[93, 96] as many of the experiments in which unmagnetised probes
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were used were in this low ion temperature regime.
To address the lack of a robust interpretation of Mach probes in unmagnetised plasmas, fluid PIC
simulations were carried out by Hutchinson[106, 107] for a spherical probe with thin sheath under a
range of TiTe . Where
Ti
Te
≤ 3, a single form for ion flux as a function of flow and angle fit all cases:
Γ(vflow, θ) = Γ0 exp
[
vflow
2
[ku(1− cos θ)− kd(1 + cos θ)]
]
, (4.26)
where Γ0 = 0.62 is a base flux given by the code, θ is the angular position around the sphere with respect
to the flow, and k = ku + kd is analogous to M
−1
c , with ku = 0.64 and Ku = 0.70. Note θ above is now
defined as the angle between the surface normal and an arbitrary vector used for reference, rather than
the angle between the tangent of the surface and the magnetic field in the magnetised case. However we
will continue to use the magnetic field as the reference vector (see fig. 4.12).
Applying this to a Mach probe gives an expression for R with the same exponential form as the mag-
netised cases, with value of Mc = 0.74 for
Ti
Te
≤ 3. This is a value similar to Chung’s kinetic model which
again explains why the widespread application of the Hudis and Lidsky model, despite its shortcomings,
did not produce incongruous results. Further results[108, 109, 110] have continued to confirmed the rea-
sonably wide application of Hutchinson’s values for k.
Hutchinson also expanded his simulations to allow for appreciable sheaths[111], and found that for
large sheaths (which generally do not appear in fusion plasmas, but have consequences in other appli-
cations) a reversal in flux asymmetry can occur, such that the downstream side has higher fluxes in
some cases, depending on the ion/electron temperature ratios, flow velocity and sheath size relative to
the probe size. This was later confirmed in experiments[112]. This has significant impact for probes
where a ∼ 10λD, rendering probe based methods for measuring flow velocity effectively useless without
extensive knowledge of the plasma parameters from other diagnostics.
Kado et al demonstrated[100] that probe geometry effects has an important impact on the accuracy of
probe measurements, highlighting the different upstream-downstream ion current ratios given by different
probe variants (DLP and LP) in the same weakly magnetised plasmas, with laser induced fluorescence
used to get an independent measure of flow velocity.
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Drawing on the work of Nagaoka[113], Shikama et al developed a method for removing the effects
of the probe geometry and any weak magnetic field present from the measurements[114], producing an
expression that gives allows the measurement of the flow at an arbitrary angle using any of the probe
diagnostic variants.
Figure 4.13.: Collection broadening due to geometric effects where magnetisation is weak.
Allowing for the broadening of the collection angle of a given probe, as in fig. 4.13, produces an
expression ∫ θ+∆θ
θ−∆θ
j(M,θ)dθ ∼= 2j0∆θ exp
(
−1
2
kM
sin∆θ
∆θ
cos θ
)
, (4.27)
for any of the exponential forms of the Mach probe equation, assuming either small M or small cos θ.
Furthermore, if it is assumed that the effects of flow and magnetic field on the angular distribution of
particle flux are independent such that
j(M,θ) = jisFflow(M,θ)FB(θ), (4.28)
then, noting that the magnetic field effect must be symmetric through pi,
FB(θ) = FB(θ + pi), (4.29)
the effects of the magnetic field can be completely removed when the ratio of two opposite pins are taken.
The assumption that the effects of flow and magnetic field on angular distribution of current will not
hold true for strongly magnetised plasmas, but as we are interested unmagnetised and weakly magnetised
plasmas the assumption is valid.
This gives:
R =
Fflow(M,θ + pi)FB(θ + pi)
Fflow(M,θ)FB(θ)
=
Fflow(M,θ + pi)
Fflow(M,θ)
. (4.30)
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Including the effects of the probe geometry, the ratio of ion-saturation currents can be given then as:
R =
∫ θ+∆θ
θ−∆θ Fflow(M,θ + pi)FB(θ + pi)dθ∫ θ+∆θ
θ−∆θ Fflow(M,θ)FB(θ)dθ
. (4.31)
Integrating by parts and using the above symmetry arguments, where FB(θ) is close to unity, the effect
of the magnetic field on ion-saturation current can be removed and the Mach probe equation can be
written as:
R =
∫ θ+pi+∆θ
θ+pi−∆θ Fflow(M,θ + pi)dθ∫ θ+∆θ
θ−∆θ Fflow(M,θ)dθ
= exp
(
kM cos θ
sin∆θ
∆θ
)
. (4.32)
This expression will become increasingly inaccurate for large values of M, or ∆θ, but will otherwise
hold true for any value of k, whether derived from a kinetic or fluid model. Shikama supported the
derivation of this expression by numerically integrating the left hand side and found that while errors
did increase, for ∆θ = 100◦ at M = 1.0 the error was less than 2%, and at M = 2.5 (the upper limit of
Hutchinson’s[107] fluid simulations) less than 16%.
It can also be generalised to give:
R = exp
(
k (M1 cos θ −M2 cos (θ + θ2)) sin∆θ
∆θ
)
(4.33)
for two independent flows with Mach numberM1,M2, parallel and at an angle θ2 to the field respectively,
allowing for the determination of cross-field and parallel flows in unmagnetised plasmas.
Shikama et al[114, 115] verified these expressions experimentally using a variety of probe geometries
∆θ = 100◦, 60◦, 20◦ in plasmas with Ti/Te = 0.1, and
a
ρL
= 0.2 using them to calculate flow and verifying
the LP based measurements against LIF Doppler spectroscopy.
Calculating the broadening parameter by fitting the equation to the results they showed the broadening
angle was the same as that suggested by the probe geometry. Comparing the calculated Mach numbers
they found excellent agreement between all the probes using the form of the Mach probe equation for
eliminating the effects of the magnetic field and accounting for collection broadening, with Hutchinson’s
values of k for unmagnetised plasmas. These calculated Mach numbers were also in good agreement with
the value given by Doppler spectroscopy.
Thus equation 4.33 can thus be used for interpreting the signals of a Gundestrup probe in a weakly
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magnetised plasma.
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4.4. Design of MAST Reciprocating Probe Heads
Three probe heads were designed during the course of these investigations. The first was the MAST
Gundestrup probe head for measuring SOL Flow, incorporating a triple probe to measure densities and
temperatures. As a result of experiments carried out with this probe several flaws in the assumptions
underlying the design of this probe became apparent. In particular the discovery that the SOL at the
outboard mid-plane is dominated by discrete, radially propagating filamentary structures with associated
temperature, potential and density gradients on the scale of the probe head itself, hinders the interpreta-
tion of the signals from the triple probe on the MAST Gundestrup probe head, and therefore the ability
to measure temperature and density.
Two new probe heads were designed to investigate these filaments, their structure and their dynamic,
and to measure density and temperature. The first has a flat head with a grid of 21 probes designed for
optimum flexibility, the second had a similar arrangement but a radial slant included. Only the first of
these two probe heads was commissioned and used at the time of writing. Unfortunately the associated
electronics for this probe did not perform as expected and did not yield useable results. The experiment
is described in Chapter 8 as part of ongoing work.
4.4.1. Overview of the MAST Reciprocating Probe
The MAST reciprocating probe is situated on the Sector 1 outboard mid-plane of MAST, allowing
in-vessel diagnostic access to the plasma edge. The system supports changeable heads for a range of di-
agnostics such as material samples, magnetic pick-up coils, an RF antenna, and various Langmuir probe
based diagnostics to investigate edge phenomena.
The probe can be retracted from the plasma or wound into the vessel to a minimum machine radius
of 1.32m, and can be rotated 20 degrees anti-clockwise and 25 degrees clockwise. The probe may also
be rapidly reciprocated during a discharge by a distance of up to 10cm over a period of about 200ms,
achieving peak speeds of about 5m/s.
Electrical connection from the probe head to outside the vessel is via 22 coaxial cables. One cable
is used to carry the vessel-earth through to the probe head for earthling cables inside the head, 11
have screens permanently wired to this earth, and a further 10 have separate pins for screen and core,
allowing them to be wired either as coaxial cables or as pseudo twisted-pair cables for carrying signals
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from magnetic pick-up coils. Electronics driving the Langmuir probes are housed in two standard 19 inch
cubicles, connected to the probe system by 20 meters of low capacitance coaxial cable.
4.4.2. Design of the Gundestrup Probe
Though a Mach probe already exists for the MAST reciprocating probe, the strong variation in magnetic
pitch angle on the outboard side of MAST and the significant variation of poloidal field strength during
a discharge mean that a Mach probe can not be correctly aligned with the magnetic field throughout
the entire discharge or reciprocation. In the presence of cross-field flows this will lead to errors when
measuring the Mach number, though the parallel velocity should dominate in determining the ratio of
upstream and downstream ion-saturation current provided the alignment is approximately correct.
The Gundestrup probe concept (See fig. 4.7) represents the ideal solution for probe based measure-
ments flows in such an environment, using multiple planar probes in a circular array to measure parallel
and perpendicular flow simultaneously, without need for alignment of the probe to the field. Thus a
Gundestrup probe was built to replace the existing Mach probe, incorporating a triple probe for density
and temperature measurements and internal magnetic coils for magnetic measurements.
The probe body is composed of a cylindrical shroud 160mm in length and 50mm in external diameter
with a wall thickness of 4mm. The probe collection surfaces consist of 8 uniformly spaced flush mounted
side-pins forming the main Gundestrup probe array, and three forward protruding pins comprising a
triple probe. Internal to the probe body are three sets of magnetic coils measuring poloidal, toroidal
and radial magnetic fields at different locations. Figure 4.14 shows photos and diagrams of the MAST
Gundestrup probe.
Materials
The materials from which the probe is made must be chosen carefully as the probe reciprocates into the
plasma and will be exposed to high power loading, may on occasion enter the core plasma, and can be
subjected to catastrophic plasma events such as disruptions. When these occur the probe should not
introduce significant impurities into the plasma or impact on MAST vacuum conditions.
Boron nitride has been used on JET, where halo currents destroyed a probe composed of conducting
material, for both it’s electrical insulation and because boron nitride has excellent resistance to thermal
shocks and low thermal expansion. MAST operates at a lower temperature and thermal expansion is
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Figure 4.14.: MAST Gundestrup probe.
not an issue, nevertheless boron nitride remains a good choice for the shroud due to its electrical insu-
lation, resistance to thermal shock and chemical erosion, and the elements it is composed of. As MAST
uses the deposition of boron films to condition the walls and plasma facing surfaces of the vessel and in
vessel-components, boron is a common MAST impurity.
The ion collection surfaces are composed of machined uniform graphite which has good heat handling
capabilities and is a common MAST impurity as it is the material used for the divertor targets and
armour for plasma facing surfaces. While graphite may chemically erode over time, extreme events such
as loss of plasma control can lead to the probe being exposed to high power loads for extended periods.
If a metallic collection surface — resistant to chemical erosion — were used, the high heat fluxes over
the small area of the collection tip can lead to melting and thus uncertainty of the area of the probe
collection surface.
In order to prevent the re-deposition of sputtered boron nitride onto the probe collection surfaces,
the plasma wetted area of the probe (approximately the first five cm) is coated with colloidal graphite
paint. This also prevents the white boron nitride acting as a strong source of reflected light in the vessel
and confusing optical diagnostics. In order to ensure that the graphite layer cannot act to short out the
probes, the shafts in the boron nitride where the probe collection surfaces are housed are countersunk
with an external radius 0.5mm larger than the probe to the depth of 1mm. The paint erodes during the
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course of a campaign and must be re-applied.
Internal components such as the connection plug, internal screws and the windings of the internal
pickup coils are composed of PEEK, a vacuum compatible plastic with a high melting temperature.
Collection Surface Dimensions: Current Drawn vs. Typical Ion Gyroradius in the SOL
As discussed in the previous section, the orientation, spacing and dimensions of the collection surfaces
are critical for applying the correct interpretation to the probe data. Ideally the probes would be mag-
netised, with typical dimensions much larger than the ion gyroradius. Balancing that is the constraint of
the current that the power supply driving the probe can deliver. As noted earlier the large ion gyroradius
due to low magnetic fields at the outboard edge of MAST means that the pin dimensions would need
to be on the order of 10mm. This presents a problem as such large surface areas would inevitably draw
high currents and require large power supplies.
While designing the probe, this balance was considered at length. The decision was taken to use linear
power supplies as the current and voltage ripple from switch-mode power supplies can introduce noise
into the measurement. At least nine power supplies are required to run the 8 side pins and triple probe
mounted in the MAST Gundestrup probe. The largest available power supplies that fit in the available
diagnostic space for the Gundestrup probe system impose a limit of 2.5 amps at 200V. Using the maxi-
mum ion saturation current densities observed with the previous system this imposed a limit on the area
of the probe collection surfaces to approximately 15mm2, and thus the probe will likely be unmagnetised.
This trade off between size and plant limitations led to pin dimensions of 3-4mm. The side-pins used
for the Gundestrup array are formed from graphite cylinders 3mm in diameter slotted into diagonal
shafts angled at 60◦ to the axis of the probe shroud, (See fig. 4.14). These present a flat, oval surface
approximately 4mm major and 3mm minor diameters, with a surface normal facing radially outward
with respect to the probe axis. The side pins are fixed by M2 grub screws that are recessed deeply into
the body of the shaft, shielding them contact with the plasma and preventing any contribution to the
total area of the collection surface.
The triple probe consists of two small cylindrical pins 1.5mm in diameter and a third large cylindrical
pin 5mm in diameter, protruding 1.5mm from the probe surface. The two small pins are separated by
a distance of 16mm, and displaced 9mm radially from the probe axis, while the larger pin is displaced
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13.5mm radially in the opposite direction, creating an equilateral triangle with a height of 22.5mm and
base of 16mm, see fig. 4.14. The two smaller pins are designed to be operated as the double probe, while
the larger probe is connected as a floating probe. As the operation of the floating probe is unaffected
by the surface area a large size was chosen to allow the option of operating this probe as a single probe,
biased into ion-saturation current in order to draw larger currents at low densities in the far SOL and
improve the signal.
The reason for the large separation between the front pins was a concern during the development that
the pins should not shadow each other. There are several flaws inherent in this design that subsequently
became apparent during operation. Firstly, particle flux densities inferred from the triple probe have
been found to be anomalously low. It is thought that the small protrusion distance — much less than a
gyroradius — may mean that a significant fraction of the plasma is scraped off on the front of the probe
face before reaching the pins. Secondly, without heavy smoothing of the time series, on the order of
1ms of higher, the temperatures calculated using eq. 4.11 often produce wildly fluctuating and negative
temperatures. This may be due to the presence of strong potential, density and temperature gradients
in the filamentary structures we now know to dominate the L-mode SOL, over the distance between the
pins of the triple probe, rendering the assumptions required for triple probe analysis invalid.
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Electronics
The electrical connection to the graphite pins is made by drilling a small hole of 1mm diameter into the
base of the graphite. Gold plated crimp pins, normally used to make an electrical plug/socket for the
probe head, are modified to make a connecter with a rough metal stud that can be friction fitted into
the hole in the base of the graphite probe, and crimped onto the core of the kapton coated coaxial cable
(see fig. 4.15). The screens of these cables internal to the probe head are earthed via a copper clamp
block to the vessel earth.
Figure 4.15.: Graphite pin assembly.
The side pin probes are driven into ion-saturation current by 2.5 Amp 210V DC linear power supplies
biased against the vessel earth. Linear — rather than switched-mode — power supply units using a
single, large transformer core were chosen in order to reduce noise in the signal from the fast switch-
ing. As mentioned earlier this limits the current and voltage that can be delivered in the available
diagnostic area as the linear power supply requires a large transformer core, mounted in a 5 unit deep
19 inch sub-rack. The nine power supplies required to operate the MAST Gundestrup probe head fill
nearly all of the available cubicles for this system, and represent the highest power linear power sup-
plies available at the time of commissioning. Nevertheless, the limit in current that can be supplied
imposes a limit on the dimensions of the collection surface that can be driven into ion saturation current
successfully, necessitating a choice of collection surface dimension smaller than the typical ion gyroradius.
The current drawn through the Gundestrup side pin array probes, and the voltage applied between
the probe and the vessel earth are measured through optical isolation amplifiers — used to separate the
diagnostic earth systems and vessel earth to prevent damage during current quench during disruptions —
mounted in MAST custom modules housed in a sub-rack, referred to by their electrical drawing reference
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number, 8787. The triple probe is similarly driven into ion-saturation current by the same power supplies,
but the current and voltage across the power supply are measured using an older design (8763 type) of
module. This type employs a higher bandwidth, custom built optical isolation amplifier.
The floating potential is measured with respect to the vessel earth, along with the potential between
the anode of the double probe and the vessel earth, using 8729 type modules again using the same design
of custom built optical isolation amplifiers in the 8763 type. The transfer function for the 8787 and the
8729/8763 type modules is shown in figure 4.18, while a schematic for the overall current path for the
side pins and triple probe respectively can be seen in figs. 4.16 and 4.17 respectively.
Digitisation is via a CAMAC mounted Aurora ADC module, with a maximum sampling frequency of
1MHz.
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Figure 4.16.: MAST Gundestrup Probe circuit.
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Figure 4.17.: MAST Triple Probe Circuit.
10
4
Figure 4.18.: Transfer Functions for the 8787, 8763 and 8729 isolation amplifier modules.
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4.4.3. Design of the Filament Probe
As discussed in the previous section, it was found during operation that the triple probe mounted on
the Gundestrup probe suffered from several design flaws that limited the ability of the probe to measure
density and temperature, particularly those of the filamentary structures. In particular, it was found the
spacing of the front facing triple probe was too large leading to large temperature, density and potential
gradients between the pins and thus invalidating the assumptions required for the interpretation of the
signals. In addition the protrusion of the pins was too small, leading to a large fraction of the plasma be-
ing scraped off onto the front face of the probe and the pins effectively being shadowed by the probe body.
In order to obtain density and temperature radial profiles at the outboard mid-plane, and to further
investigate the temperature, potential and density structure of individual filaments, and their dynamics,
two Filament probes were designed as an improvement on the Gundestrup probe.
Collection Surface Dimensions and Layout
The main objective for this probe is to measure the structure and dynamics of the filamentary structures
observed in L-mode discharges. The filaments themselves are observed to have cross-field dimensions
on the order of 7-9cm and radial dimensions on the order of 5-10cm from fast camera measurements.
Thus to capture the structure of the potential, density and temperature gradients on this small scale
a high density of probes are needed. Two variants of this arrangement were designed, one flat with all
the collection pins at a fixed radius when in the vessel, and the other with a slant sot that the pins are
radially stepped backwards, as shown in fig. 4.21. The flat headed probe has the option for two masks
to be fitted, one reducing the plasma wetted area of the pins, the other adding a Mach barrier.
The Filament probe heads support up to 21 Langmuir probes in various configurations of triple, single
and floating probes. This number is achieved by shorting the connectors of the cable shields — normally
used for the pseudo twisted-pair connections for magnetic pick-up coils — to vessel earth at the feed
through box at the end of the probe shaft. The pins are arranged in a grid separated by 7mm from their
nearest neighbour at the front of the probe to maximise coverage, see fig. 4.21. The pins are 2mm diam-
eter and composed of uniform machined graphite, the increased thickness compared to the Gundestrup
probes triple probe pins strengthens the pin for ease of manufacture and assembly. The pins protrude
8mm in the case of the flat probe, reduced to 3mm with the addition of the mask, and a maximum of
3mm for the slanted probe. These distances are greater than the 1.5mm of the Gundestrup probe in
order to ensure the probes were not heavily shadowed by the probes front surface.
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There are pros and cons to both the flat and slanted designs, illustrated in fig. 4.19. The radially
slanted head can be arranged so that the field line passes through the centre of slanted plane and the pins
capture a cross section of a filament in the radial and cross-field plane. The pins are however shadowed
by the body of the probe in this arrangement, facing either upstream or downstream. As discussed in
section 4.3, the particle flux to the surface will be reduced as a consequence. Thus in the presence of
strong flows in the filament and/or strong radial gradients in the flow, the measurements taken by the
probe may not conform to the absolute values. In contrast for the flat probe, the inner pins of the
grid experience lower particle fluxes than those on the edges as some of the particles will be scraped off
onto the collection surfaces. However the typical dimensions of the ion gyroradius on MAST tend to be
from 2mm to 5mm, so the particles trajectories are large enough to orbit passed one probe and hit another.
Simple modelling of 10 million particle trajectories in a 0.3 Tesla field, from a uniform distribution of
starting locations in the plane perpendicular to the field, with thermal velocity distributions for temper-
atures of 20, 30 and 40 eV show that the outer pins tend to experience ion fluxes on the order of 1.5 to
2.5 times greater to that in the central pin due to plasma being scraped off onto the probe body or being
collected by other pins. The results are shown in fig. 4.20.
A further consideration on shadowing for filament measurements is that the filaments have a large
radial velocity, representing a strong localised radial particle flux over the short time that the filament
interacts with the probe, which may offset some of the shadowing issues. It is hoped to use the slanted
filament probe to take measurements of the radial particle flux during these short events.
Figure 4.19.: The radially slanted probes collection pins are shadowed in one direction by the probe body.
The central pins of the flat headed probe are shadowed by the outer pins, but because the
ion gyroradius is larger than the pin dimensions, ions are still able to reach the collection
surfaces without being scraped off onto other pins, so the effect is only partial.
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Figure 4.20.: Results of a simple model determining the degree of shadowing of the central pins of the
flat Filament probe by the shadowing of the outer pins and probe body. In each simulation,
10 million deuterium ions were generated, distributed randomly over a range of +/- 5cm
about the central pin of the array in the plane perpendicular to the magnetic field direction.
The particles were created with radial, cross-field and parallel velocities drawn randomly
from a 3D Maxwellian distribution with temperatures of 20, 30 and 40 eV. Particles with
positive parallel velocity were placed -1m from the central pin in the parallel direction, and
those with negative parallel velocity +1m from the central pin. The particle then followed a
gyro-motion trajectory assuming a magnetic field of 0.33 T, typical of the MAST outboard
mid-plane SOL. The first pin each particle impacted is recorded and the particle removed,
with particles hitting the probe body prior to a pin removed. The number of particles
collected by each pin normalised to the total collected by the central pin are shown in the
tables.
Body and Construction
The Filament probe is designed to be flexible both in terms of maintenance (easy to assemble, disas-
semble and repair) and in terms of operation. Assembly of the Gundestrup probe is complex and time
consuming, requiring perfect alignment of the front pins with the holes in the shroud, and feeding the stiff
coaxial wires through spaces in the pickup coils windings. Several faults occurred during the operation of
the Gundestrup probe — the most serious a catastrophic shortage between the earth block at vessel earth
and the diagnostic building earth, leading to the burnout of several cables — necessitating disassembly
for maintenance and repair. Thus, in order to simplify the assembly and disassembly of a probe head
with a much larger number of probes, the filament probe shroud is 1cm wider in diameter and instead of
a solid end, terminates in 5mm lip. A separate boron nitride “top hat” front piece rests against this lip
(see fig. 4.21) allowing the internal components of the filament probe to be fully assembled on the bench
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and slotted into the shroud.
An internal lining of PEEK is used to separate the copper earth clamp from the steel connection plug
housing and provide further structural support. A series of notches in the lining and a tooth in the
housing allows the probe to be rotated relatively easily if an orientation is desired that is not achievable
using the rotation of the mid-plane reciprocating shaft.
As discussed above, the pins are 2mm in diameter and protrude 8mm from the “top hat” for the flat
headed probe, sufficiently far from the probe surface not to be shadowed by the end of the probe itself
— as may have been the case with the Gundestrup probe — and additionally allows for operation in
the far SOL where densities are lower. The “top-hat” itself protrudes 1 cm beyond the lip, with fixtures
allowing one of two boron nitride masks to be attached over the pins. The first mask is 5mm thick,
cutting down the exposed probe surface to 3mm allowing the use of the filament probe close to the LCFS
where densities are higher and saturation of the power-supplies becomes an issue. The second is 5mm
thick, but includes a 1cm high Mach barrier that covers the central row of pins, allowing the Filament
probe to be converted into a Mach Probe.
The probes are driven using the same set of DC power supplies as used for the Gundestrup probe,
however, a new series of 8763 and 8729 type modules were commissioned, allowing up to 5 double or
single current drawing probes to be supported, and up to sixteen floating probes.
4.4.4. Commissioning and Use
There was sufficient experimental time to repeat the experiments (see chapter 5) with one of the two
probe heads. The decision was made to use the forward facing probe as it could be used to obtain
absolute temperature and density radial profiles that had not been produced by the Gundestrup probe,
whereas the slanted probe may be strongly affected by the Mach barrier-like shadowing from its own
body. Thus the experiments discussed in the next chapter were repeated with the flat headed filament
probe. However, the probe systems failed to perform as expected. A high level of noise was found around
100 KHz, which was traced to pick-up from the switching of the power supplies used to drive the poloidal
field coils. Attempts made to filter or otherwise remove the noise digitally failed. A description of the
aims and limited results of this experiment can be found in chapter 8, along with proposals for use of the
slanted probe to investigate filament structure and dynamics.
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Figure 4.21.: MAST Filament probe.
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4.5. Summary
The background theory of sheath formation can be used to relate the current drawn by a Langmuir probe
and its biasing potential with respect to the vessel wall to various plasma parameters, such as electron
temperature, electron density. In particular, the drift velocity of the plasma in the parallel and perpen-
dicular can be inferred by the difference in current drawn by probes at different angles to the field line
due to the different potential drops across the presheath in the unmagnetised case, or magnetic-presheath
in the magnetised case, required to accelerate the ions to meet the Bohm criterion.
For a strongly magnetised plasmas; where it can be assumed that there is no ionisation in the plasma-
presheath; that the plasma-presheath is small compared to gradients in the parallel plasma parameters;
and is not shadowed by a material surface, and where the probe collection surfaces are sampling the same
plasma, the following expression can be used to relate parallel and perpendicular Mach numbers to R,
the ratio of ion-saturation currents drawn by a pair of opposite facing probes presenting an angle θ to
the magnetic field:
R = exp
(
2
(
1 + 0.14 cosh
(
M‖
0.862
))(
M‖ − (M⊥ cot θ)
))
. (4.34)
Under the same conditions, weakly-magnetised plasmas with ρ > rp, the ratio of ion-saturation currents
drawn by a pair of opposite facing probes with surface normal presenting an angle θ to the magnetic field
is given by:
R = exp
(
k
(
M‖ cos θ −M⊥ cos
(
θ +
pi
2
))
sin∆θ
∆θ
)
(4.35)
In addition, under the same assumptions, the temperature of a plasma may be measured using a triple
probe and the following relation between floating potential (φf ) and that of the anode of a double probe
(φ+):
Te =
e(φ+ − φf )
ln 2
. (4.36)
Based on these principles, three probe heads were designed to measure the flow (the MAST Gundestrup
probe) and the density, temperature and electric field of filamentary structures (the MAST Filament
probes) in the MAST SOL. Only the flat headed Filament probe was assembled and commissioned
during the course of the PhD due to the limited experimental time available.
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5. Experiments
In section 3.1.4 B2SOLPS5.0 simulations predict the dominant drive for parallel flow to be the Pfirsch-
Schlu¨ter mechanism, and thus the parallel velocity is expected to scale as in fig. 3.9 and eq. 3.21. For
MAST configurations and parameters in Ohmic L-mode discharges the code predicts the following qual-
itative behaviour; the magnitude of flow velocity should be insensitive to plasma density, decrease with
poloidal field (up to a threshold) and increase with temperature.
The main aim of these experiments is to explore the scaling of SOL flow velocities at the MAST out-
board mid-plane with a systematic scan of the parameter space. To do this a series of plasma scenarios
were developed, based around a standard MAST Ohmic discharge where the parameters under investi-
gation are varied independently.
The parameters for the simulations shown in figure 3.9 are defined in terms of their values at the inner
boundary of the simulation (see ref. [37]), which corresponds to a position 10cm inside the LCFS. For the
purposes of characterising the discharges during scenario development and performing the experiment the
measurements of the parameters were made at this position. This position is referred to as “Inner Bound-
ary” but is an essentially arbitrary choice of position with respect to the physical properties of the plasma.
The experiment was repeated using the filament probe in order to further diagnose the discharges and
to investigate the behaviour of L-mode turbulence and the possible impact of filamentary structures on
the interpretation of the Gundestrup probe data. The flat headed filament probe was used as it was
thought to better measure the density and temperature radial profiles that were also desired. The data
from the filament probe measurements proved to be unusable (see chapter 8). However data from other
diagnostics — in particular the target Langmuir probes which were operated in swept mode only for the
repeat experiment — have been used to supplement analysis of the scenarios.
This chapter gives an overview of the development of the plasma scenarios and the individual dis-
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charges; identifies regions of time in these discharges where probe data may be used; and notes possible
sources of error that may be introduced so they may be taken into account in analysis. The validity
of Langmuir probe measurements at the outboard mid-plane SOL and the appropriate interpretation to
apply to the raw will also be discussed.
Section 1 outlines the experiment and the development of plasma scenarios to explore the parameter
space. Section 2 gives a brief overview of the discharges that make up each scenario, noting various plasma
events, and discusses the evolution of various plasma parameters throughout the discharge in order to
establish regions where flow measurements from different discharges can be compared. Section 3 focuses
on characterising the SOL using the various measurements from diagnostics systems and establishing the
validity of the ion-saturation currents signals measured by the Gundestrup probe and the appropriate
interpretation to apply to them.
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5.1. Preliminary Work and Scenario Development
As discussed in chapter 4, SOL plasma flows at the outboard mid-plane of MAST can be measured with
the Gundestrup probe-head mounted on the mid-plane reciprocating probe system. In order to get a
good measurement of the radial profile several overlapping reciprocations must be made. Reciprocations
take on the order of 50ms-100ms to complete, and the typical MAST discharge lasts around 500ms, so
multiple MAST discharges are required to obtain sufficient data.
Ideally for each density, temperature or poloidal field point in the parameter space a reliably repeatable
discharge — i.e. one that does not vary significantly between discharges, referred to as a scenario —
should be developed. Furthermore, aside from the parameters being investigated the scenarios should be
as similar to each other as possible to avoid variation in other factors which might effect flow drive terms.
The scenarios should also provide a reasonably long period of quiescence during which the parameters
do not vary and the reciprocation can take place.
This section discusses the parameters of interest and how they can be controlled in a specific MAST
discharge in order to design a plasma scenario that meets these requirements.
5.1.1. Flow Scaling Parameters
Density
The plasma density is set by the fuelling of the plasma. Fuelling on MAST is via piezoelectric gas
puffing. An active feedback system is used to control plasma density, measuring the density with an
interferometer and altering the fuelling rate to match a target value. However when the plasma fuelling
is low, as required for some of the low density discharges used in these experiments, other effects become
important. MAST has a large vacuum vessel compared to the plasma volume so the density is influenced
not only by the density of neutral gas before the discharge but also the condition of the walls of the vessel
and degree of hydrogen saturation of plasma facing surfaces.
Poloidal Field
The radial profile of the poloidal field is determined by the distribution of the plasma current. Provided
plasma conditions remain reasonably constant this parameter can be set by the current swing through the
solenoid. However wall conditioning and impurity content vary between discharges leading to variations
in the radiative cooling at the edge of the plasma, and thus greater plasma resistivity. This causes a more
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peaked radial current profile, producing variation in the radial profile of the poloidal field and requiring
a greater solenoid swing to achieve the same plasma current, thus shortening the duration of the discharge.
The poloidal field of MAST is also influenced by the magnetic field fringing effect of the solenoid.
MAST has a short, air-core solenoid so the dipole field it generates penetrates the plasma and adds to
the field generated by the plasma current, the TF and the PF coils. The solenoid current swings from
positive to negative during the shot, resulting in a significant shift of the plasma which is largely but
not entirely compensated for by the PF coils. This is problematic from the point of view of the intended
experiments as it is therefore impossible to achieve a period of constant poloidal field at a fixed radius on
MAST. A true radial profile for a constant inner boundary poloidal field can not be achieved in a single
discharge. The impact of this will be discussed later.
Temperature
MAST has two main heating sources: Ohmic heating from the plasma current and beam heating from
neutral beams. As neutral beams apply torque to the plasma this may impact plasma flow velocities in
the SOL. The decision was made not to use NBI heating for these experiments in order to more easily
verify that the measured flow velocities were related to the physical mechanisms under investigation,
rather than momentum imparted by the beams. This limits the parameter space investigated to Ohmic
L-mode discharges.
As only Ohmic plasma heating can be used, poloidal field strength can not be controlled independently
of heating. However the predicted flow scaling for density is negligible (see fig 3.9). If it is assumed this
prediction is correct then the density can be altered to compensate for the heating change due to the
higher or lower plasma currents required to vary the poloidal field strength. Thus the flow scaling with
density and temperature as independent parameters may not be explored with current MAST plant, and
may be a source of systematic error in the experiment.
So, with purely Ohmic heating the plasma temperature may be controlled by varying the fuelling to
the plasma. While it is possible using feedback controls to set a core density, it is not immediately
obvious that the density at the “inner boundary” position will scale linearly. In practice varying the
plasma current significantly will also affect particle and energy confinement and that in turn will affect
temperatures. Similarly, the core density at a given plasma-current can only be varied so much before
density stability limits are reached, and as the temperature increases the resistivity of the plasma drops,
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so that there is a ceiling on the temperature that can be achieved by purely Ohmic heating.
Thus a series of discharges were used to explore the possible densities and temperatures that could be
achieved.
5.1.2. Scenario development
A series of DND MAST discharges in the M6a campaign based on a standard Ohmic discharge, with
plasma currents of 400kA and 700kA, were investigated to identify suitable scenarios to be used in the
parameter scan.
Electron temperature and densities are measured here using the YAG based Thompson scattering sys-
tem, while the poloidal field strength is taken from the magnetic reconstruction code EFIT both of which
will be further discussed in the next section. Measurements were taken during the plasma current flattop
while the plasma outboard edge remained in a steady location, corresponding to the period t=0.22s to
t=0.28s.
Figures 5.1,5.2 and 5.3 show plots of time averaged quantities at the inner boundary, with the error
bars indicating the standard deviation.
Fig. 5.1 shows the poloidal field magnitude and electron density. Although there is some weak variance
of poloidal field with density it is largely within the variation between values for time slices within a single
discharge calculated by EFIT. This suggests that temperature and poloidal field may be independently
controlled, although exact matching of poloidal field strength for different temperatures may not be fea-
sible.
Fig. 5.2 shows core and inner boundary temperature vs. density. It is clear from these figures that
it is possible to control the inner boundary temperature of a discharge with a given plasma current by
the variation of density. However at low densities the plasma current seems to have a weak effect on
temperature, probably due to the plasma resistivity becoming too low for further Ohmic heating.
The poloidal field temperature parameter space produced can be seen in fig. 5.3. Discharge numbers
15727 (Scenario 1), 15729 (Scenario 3), and 15724 (Scenario 4), shown in blue in fig. 5.3, were chosen
as the basis for a three point scan of the parameter space. A fourth scenario (Scenario 2) completing
116
Figure 5.1.: Poloidal field vs. electron number density at the “inner boundary”.
the four points in the parameter space was attempted but required density to be so low as to be entirely
dependent on machine conditioning and un-repeatable on subsequent campaigns following the scenario
development.
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Figure 5.2.: Electron temperature vs. electron number density in the core (a), and at the “inner bound-
ary” (b).
Figure 5.3.: Temperature vs. poloidal field at the “inner boundary”.
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5.2. Overview of Scenarios
A series of repeated Ohmic DND discharges were performed on MAST based on the three scenarios iden-
tified in the previous section. The following section provides a brief overview of the scenarios in order to
document the behaviour of the discharge as a whole and allow repetition of the experiment on MAST or
close matching of the experiment on other devices.
For the purposes of analysing the data in this experiment this section also examines the similarity of
discharges of the same scenario types to each other; the constancy of the parameters scanned during the
discharge with a view to determining regions where data collected may be used; and identifies factors
that might impact on the analysis of the data with a view to accounting for the error introduced in later
analysis.
Variation Between Repeated Discharges
As the discharges were performed over a wide range of time the state of the plant and equipment vary.
The density and plasma current are affected by the general condition of the vessel, such as the degree
of deuterium saturation of in-vessel surfaces; the impurity content of the gas filling the vessel; the time
between the experiment and the previous boronisation etc. In some cases the interferometer used for
density feedback control was not available and simply applying the same waveforms to the gas valves as
used during scenario development was relied upon to reproduce the target density. Thus some variation
between discharges nominally of the same scenario is to be expected as is standard for such experiments.
To obtain probe based temperature and density profiles at the divertor plates, and to attempt to obtain
the same at the outboard mid-plane in the SOL, the scenarios were repeated using the Filament probe
some months after the completion of initial experiments with the Gundestrup probe. In the intervening
time the MAST vacuum had been broken for engineering work and the vessel condition had changed
appreciably. Thus the two sets of discharges for each scenario type are thus presented separately as there
are some differences between them due to the variation in vessel conditions.
Variation of Parameters During Discharge
Ideally one would prefer the plasma to have settled into steady state before taking measurements. However
MAST does not have a steady state of operation as the duration of a discharge is too short. On the one
hand plasma current can achieve a constant “flat top” for a suitable period and the plasma control coils
similarly provide a region where the plasma edge is largely stable. On the other hand core temperatures,
densities and stored energy continue to evolve during the shot (See fig. 5.4), the poloidal field profile
calculated by EFIT also continues to evolve, as does the current profile in the plasma. This variation is
also driven by the fringing field discussed in section 5.1.1, not only as the poloidal field at the outboard
edge will be affected by the change in the solenoid current swing, but also because the radial components
of the changing solenoid dipole field pushes the plasma outward during the shot.
Figure 5.4.: Position of the peak plasma current density with time for discharges used in the experiment.
This variation can be significant over the time that data is collected — ∼ 20% difference between
the highest and lowest value — and is somewhat unfortunate as this means the radial profiles measured
during reciprocation will be convolved with the time evolution of the parameter driving the flow. In
principle a full parameter scan of the flow profile accounting for both time variation and radial variation
could be obtained by varying the starting point of the reciprocation in both time and space. In practice
that amount of experimental time was not available. Rather, it was decided to focus on varying the
starting radius of the reciprocation to obtain overlapping radial measurements with the peak reciprocation
occurring at the same point in time but at different radii.
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5.2.1. Scenario1: Low Temperature, High Poloidal Field
Figure 5.5.: Evolution of key parameters for scenario 1 discharges where Gundestrup probe measurements
were taken.
Figures 5.5 and 5.6 show the time variation of the key properties of scenario 1 throughout the middle
period of the discharge (the time around ramp-up and ramp-down have been omitted). The left column
of plots show the plasma current; the outboard mid-plane radius of the LCFS as determined by a linear
Dα camera, as well as the position of the probe head; and the signal on one of the soft X-ray cameras,
which gives indication of MHD activity such as sawtooth oscillations. The column on the right shows
the energy stored in the plasma calculated by EFIT; the electron temperature in the core and at a radial
location of 1.3m measured by the Thomson Scattering (TS) YAG system; and the electron density in the
core and at a radial location of 1.3m measured by the TS-YAG system. The position of 1.3m corresponds
roughly with the inner boundary.
The solid lines indicate areas where data collected from the reciprocating probe is considered suitable
for analysis, and the dashed lines show the point where the probe is within 2.5mm of its minimum radius
in machine co-ordinates. Note that this does not mean the radial position of the probe in the SOL is
necessarily constant as the LCFS radius drifts inwards and outwards with time.
This scenario type was based on discharge 15727, and the individual discharges show a good degree of
similarity to each other. As can be seen in the plots, plasma current plateaus at ∼700kA from around
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Figure 5.6.: Evolution of key parameters for scenario 1 discharges where Filament probe measurements
were taken.
0.195s and lasts until 0.285s, while the outboard mid-plane radius holds steady from around 0.195 to
0.285, contracting ∼1.5 cm for a short period between 0.21-0.23s
The probe was reciprocated into the plasma, aiming for the minimum radius to be achieved at around
0.25s, after the plasma edge stabilised. The reciprocation period for the probe had to be decided based
on cursory knowledge of the scenario prior to more detailed analysis, and once picked it was generally
not altered due to the time variation of parameters discussed in the previous section in order to minimise
the variation in parameters affecting flow drive terms when collecting data in a given scenario.
The soft X-rays show a signal indicative of an internal magnetic-reconnection event referred to as a
snake, generally occurring between.0.22s and 0.23s, followed by a series of small, regular sawtooth oscil-
lations. A snake event on MAST differs from that generally seen on other tokamaks and is associated
with the first crash in a period of sawtooth oscillations. A study on the phenomenon in NAST[116]
suggests that the MAST snake results from the accumulation of high-Z impurities in the core early in
the shot, such as iron ablated from the poloidal field coils during start up. This increases the resistivity
of the plasma, and much like the Kadomstev model of sawtooth oscillations, eventually leads to a full
reconnection and the expulsion of the core plasma. This re-distributes the impurities across the plasma
at low enough concentrations not to have a major impact on Z-effective.
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The core density and temperature profiles measured by the Thompson scattering system show a density
reduction following the snake and onset of regular sawtooth oscillations, though the calculated stored en-
ergy continues to rise, as does the temperature. The analysed soft X-ray camera data show the inversion
radius of the sawtooth oscillations is ∼30cm (compared to a minor radius of 55-60cm) suggesting this
activity on the core will have little impact on the outer regions that are the focus of these investigations.
Thompson scattering measurements of the density and temperature around 1.3m — a position approx-
imately a few cm inside the inner boundary position during this time — show no real indication of the
snake and sawtooth oscillations, suggesting that these core phenomenon can be ignored.
The later repeats of Scenario 1 have a greater variation in plasma current and no longer display the dip
in outboard mid-plane radius. Though otherwise remaining a good match of the first set of discharges
the flat top region is effectively only from 0.215s to 0.28s.
5.2.2. Scenario 3: Low Temperature, Low Poloidal Field
Figure 5.7.: Evolution of key parameters for scenario 3 discharges where Gundestrup probe measurements
were taken.
This scenario was based on discharge 15729. The lower plasma current, ∼400kA, allows flat-top to be
achieved at 0.18s, earlier than for the higher poloidal field discharges. The discharge has a longer duration,
lasting to about 0.31s. The edge position is less volatile, though slowly drifts outward throughout the shot.
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Figure 5.8.: Evolution of key parameters for scenario 3 discharges where Filament probe measurements
were taken.
The soft X-rays show a similar behaviour in the core, though in shot 17824 the core density fails to
increase as the later discharges do, resulting in slightly elevated core temperatures, lower stored energy
and an earlier onset of the snake. The density and temperature at 1.3m do not show this behaviour
suggesting these core effects have little impact on the edge and can be neglected.
The second set of discharges based on this scenario shows remarkably good repetition of the previous
shots.
5.2.3. Scenario 4: High Temperature, High Poloidal Field
This scenario was based on discharge 15724. The low density required to achieve the peak core tem-
peratures (between 800 - 1000eV) makes the scenario highly dependent on the condition of the vessel
wall, and thus highly susceptible to factors that are difficult to control for, such as the period that had
elapsed between boronisations and the density of preceding shots. The iterative approach used to match
the scenario requirements results in two subcategories of discharge, one similar to 17836, and one similar
to 17838.
Both share a similar evolution of the plasma current as scenario 1, however the plasma current reaches
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Figure 5.9.: Evolution of key parameters for scenario 4 discharges where Gundestrup probe measurements
were taken.
flat top much earlier outboard mid-plane extent of the plasma settles at about t=0.2, but then balloons
outward ∼3cm again at 0.25s. This expansion occurs faster than the probe is able to retract during a
reciprocation, which would lead to the plasma engulfing the probe and disrupting, potentially damaging
the probe electronic systems. Attempts to control the plasma edge resulted in the scenario deviating from
the desired “inner boundary” parameters. The decision was made to move the reciprocation window by
50ms to the late time indicated, despite the fact the plasma is otherwise quiescent from a relatively early
period compared to the previous two shots.
5.2.4. Explored Parameter Space
Figure 5.11a shows the mean values and range of both the poloidal field strength and temperature for
each discharge during the period where both the plasma current and outboard radius were steady. The
relatively large ranges are due both to the fluctuation in the measured parameter and the time evolution
over the period selected for analysis.
As discussed earlier, as the time evolution of poloidal field remains similar within a given scenario, and
though the probes starting radius was varied, the reciprocations timing was generally kept constant from
shot to shot. Thus there is information available to calculate coarse radial profiles of the SOL flow over
a much narrower range of poloidal field and temperature. The second plot shows the mean values and
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Figure 5.10.: Evolution of key parameters for scenario 4 discharges where Filament probe measurements
were taken.
ranges of the poloidal field and temperature when the probe was within 2.5mm of its minimum radius
(∼50ms worth of data for each discharge).
Table 5.1 shows the mean and standard deviation of various parameters characterising the discharges.
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Figure 5.11.: Temperature and poloidal field at the “inner boundary” during (a) quiescent period (b)
peak reciprocation.
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Table 5.1.: List of discharges used for experiment, showing start and end times for data collection; characteristic values of plasma current temperature,
density and magnetic field at the core, LCFS and “inner boundary” location, during the period in which data is taken. Values shown are the
mean and range during the period of data collection.
Discharge IP Te,Core ne,Core Bθ,I.B. Bφ,I.B. BI.B. Te,I.B. ne,I.B. Bθ,LCFS. Bφ,LCFS BLCFS Te,LCFS ne,LCFS
Time [s] [kA] [eV] [1019m−3] [T] [T] [T] [eV] [1019m−3] [T] [T] [T] [eV] [1018m−3]
16290 Mean 704 664 3.75 0.165 0.317 0.358 132 2.28 0.147 0.290 0.325 17.0 8.36
Start 0.195 - 2 93 0.51 0.021 0.001 0.011 43 0.54 0.017 0.001 0.008 7.8 4.68
Finish 0.285 + 2 65 0.63 0.014 0.002 0.006 35 0.81 0.011 0.002 0.004 7.5 6.01
16291 704 649 3.84 0.166 0.317 0.358 128 2.38 0.147 0.290 0.326 13.6 7.98
0.195 3 124 0.65 0.022 0.001 0.011 19 0.55 0.018 0.001 0.009 7.6 4.43
0.285 3 65 0.75 0.015 0.002 0.006 16 0.75 0.011 0.002 0.004 11.4 5.46
16292 705 638 3.87 0.166 0.317 0.359 128 2.46 0.148 0.291 0.326 14.3 8.29
0.195 2 156 0.64 0.022 0.002 0.012 22 0.51 0.018 0.002 0.009 8.4 4.17
0.285 2 55 0.81 0.015 0.002 0.006 15 0.72 0.012 0.002 0.005 10.0 3.56
16293 705 631 3.71 0.167 0.318 0.359 127 2.39 0.148 0.290 0.326 14.9 8.35
0.195 2 150 0.62 0.022 0.002 0.011 22 0.54 0.018 0.001 0.009 8.2 3.52
0.285 2 84 0.74 0.015 0.002 0.006 23 0.71 0.012 0.002 0.005 12.8 4.68
17824 407 703 1.81 0.116 0.320 0.341 144 0.82 0.102 0.295 0.312 21.6 2.69
0.180 3 143 0.28 0.015 0.004 0.002 37 0.22 0.011 0.003 0.001 13.0 1.34
0.325 3 135 0.30 0.015 0.005 0.003 41 0.20 0.011 0.004 0.002 60.4 1.46
17825 407 676 2.25 0.117 0.319 0.340 145 0.84 0.103 0.294 0.312 22.7 2.82
0.180 2 78 0.52 0.016 0.003 0.003 45 0.24 0.012 0.002 0.002 16.0 0.94
0.325 2 68 0.61 0.014 0.004 0.004 61 0.25 0.010 0.004 0.002 70.5 1.87
17826 410 691 2.25 0.118 0.319 0.341 146 0.86 0.103 0.295 0.312 27.2 2.84
0.180 2 83 0.68 0.016 0.003 0.003 41 0.21 0.012 0.002 0.002 23.9 1.65
0.325 2 68 0.65 0.014 0.004 0.003 47 0.23 0.010 0.004 0.002 67.8 1.32
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Table 5.1.: List of discharges used for experiment, showing start and end times for data collection; characteristic values of plasma current temperature,
density and magnetic field at the core, LCFS and “inner boundary” location, during the period in which data is taken. Values shown are the
mean and range during the period of data collection.
Discharge IP Te,Core ne,Core Bθ,I.B. Bφ,I.B. BI.B. Te,I.B. ne,I.B. Bθ,LCFS. Bφ,LCFS BLCFS Te,LCFS ne,LCFS
Time [s] [kA] [eV] [1019m−3] [T] [T] [T] [eV] [1019m−3] [T] [T] [T] [eV] [1018m−3]
17836 711 837 2.22 0.186 0.319 0.369 222 1.31 0.162 0.292 0.333 16.2 3.22
0.255 4 131 0.30 0.005 0.001 0.002 44 0.22 0.003 0.001 0.002 9.4 1.50
0.320 4 110 0.42 0.008 0.002 0.005 94 0.14 0.006 0.002 0.004 15.8 1.77
17837 710 803 2.33 0.185 0.319 0.369 204 1.37 0.162 0.292 0.334 19.9 3.70
0.255 3 75 0.23 0.005 0.001 0.003 27 0.13 0.003 0.001 0.002 10.3 2.11
0.32 3 146 0.30 0.008 0.003 0.005 17 0.15 0.007 0.003 0.004 8.9 3.99
17838 712 920 1.68 0.187 0.318 0.369 247 1.00 0.161 0.291 0.333 18.7 2.98
0.255 3 120 0.17 0.006 0.001 0.003 53 0.14 0.003 0.001 0.002 7.8 0.76
0.320 3 114 0.21 0.009 0.003 0.005 74 0.13 0.007 0.003 0.004 11.9 1.30
17839 712 954 1.59 0.187 0.318 0.369 225 0.99 0.161 0.291 0.333 14.8 2.64
0.255 3 215 0.17 0.005 0.002 0.003 35 0.14 0.003 0.001 0.002 5.5 0.74
0.320 3 112 0.15 0.009 0.003 0.005 70 0.14 0.007 0.003 0.004 6.9 1.97
18720 708 647 3.84 0.172 0.317 0.361 124 2.50 0.152 0.290 0.327 11.3 7.52
0.215 4 99 0.55 0.016 0.003 0.010 12 0.43 0.014 0.002 0.008 5.1 3.62
0.280 4 60 0.90 0.010 0.001 0.005 24 0.54 0.008 0.001 0.004 8.3 4.78
18721 707 614 3.81 0.172 0.318 0.362 122 2.61 0.152 0.290 0.328 11.7 9.09
0.215 4 139 0.63 0.014 0.001 0.007 15 0.60 0.011 0.000 0.006 7.6 4.91
0.280 4 81 0.63 0.011 0.001 0.006 25 0.61 0.009 0.000 0.005 11.3 2.82
18722 707 629 3.73 0.173 0.317 0.361 127 2.45 0.152 0.290 0.328 10.5 7.31
0.215 2 133 0.47 0.017 0.003 0.011 20 0.41 0.014 0.003 0.009 5.4 2.86
0.280 2 76 0.66 0.010 0.001 0.005 24 0.42 0.008 0.001 0.004 5.5 5.23
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Table 5.1.: List of discharges used for experiment, showing start and end times for data collection; characteristic values of plasma current temperature,
density and magnetic field at the core, LCFS and “inner boundary” location, during the period in which data is taken. Values shown are the
mean and range during the period of data collection.
Discharge IP Te,Core ne,Core Bθ,I.B. Bφ,I.B. BI.B. Te,I.B. ne,I.B. Bθ,LCFS. Bφ,LCFS BLCFS Te,LCFS ne,LCFS
Time [s] [kA] [eV] [1019m−3] [T] [T] [T] [eV] [1019m−3] [T] [T] [T] [eV] [1018m−3]
18724 406 618 2.50 0.115 0.317 0.337 134 1.06 0.101 0.292 0.310 15.7 3.59
0.180 4 77 0.51 0.016 0.003 0.002 34 0.34 0.011 0.003 0.001 10.4 1.73
0.320 4 69 0.63 0.013 0.006 0.002 44 0.30 0.009 0.005 0.001 12.9 1.64
18725 409 675 2.30 0.116 0.317 0.337 147 0.93 0.101 0.292 0.309 19.9 3.10
0.180 4 96 0.47 0.016 0.003 0.003 32 0.24 0.011 0.003 0.002 10.2 2.00
0.320 4 93 0.60 0.014 0.005 0.002 38 0.23 0.009 0.005 0.001 52.9 1.36
18726 407 692 2.23 0.116 0.316 0.337 147 0.84 0.102 0.292 0.309 18.0 2.81
0.180 4 93 0.62 0.016 0.003 0.003 37 0.26 0.011 0.002 0.002 14.6 1.63
0.320 4 94 0.52 0.013 0.005 0.003 40 0.27 0.009 0.004 0.002 15.3 1.20
18727 407 648 2.38 0.115 0.317 0.337 144 0.98 0.101 0.292 0.309 16.8 3.30
0.180 4 74 0.44 0.016 0.003 0.002 30 0.25 0.011 0.002 0.001 11.6 1.96
0.320 4 57 0.65 0.013 0.005 0.003 39 0.31 0.009 0.004 0.002 36.6 2.23
18728 410 649 2.49 0.116 0.317 0.338 141 1.04 0.102 0.292 0.310 15.8 3.41
0.180 5 87 0.64 0.016 0.003 0.003 21 0.29 0.011 0.003 0.002 8.4 1.50
0.320 5 71 0.58 0.013 0.004 0.002 51 0.28 0.009 0.003 0.001 22.3 2.08
18730 409 662 2.42 0.116 0.317 0.338 137 1.04 0.102 0.293 0.310 20.6 3.50
0.18 4 102 0.51 0.015 0.003 0.002 30 0.26 0.011 0.003 0.001 10.3 1.24
0.320 4 84 0.62 0.014 0.004 0.003 29 0.29 0.009 0.003 0.001 42.7 1.97
18731 708 954 2.06 0.181 0.320 0.367 215 0.99 0.157 0.293 0.332 24.8 3.34
0.210 3 390 1.23 0.014 0.004 0.004 29 0.16 0.009 0.004 0.002 18.2 2.74
0.305 3 120 0.79 0.012 0.004 0.003 25 0.21 0.007 0.003 0.002 22.8 1.09
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Table 5.1.: List of discharges used for experiment, showing start and end times for data collection; characteristic values of plasma current temperature,
density and magnetic field at the core, LCFS and “inner boundary” location, during the period in which data is taken. Values shown are the
mean and range during the period of data collection.
Discharge IP Te,Core ne,Core Bθ,I.B. Bφ,I.B. BI.B. Te,I.B. ne,I.B. Bθ,LCFS. Bφ,LCFS BLCFS Te,LCFS ne,LCFS
Time [s] [kA] [eV] [1019m−3] [T] [T] [T] [eV] [1019m−3] [T] [T] [T] [eV] [1018m−3]
18732 708 842 2.26 0.181 0.319 0.367 206 1.00 0.157 0.292 0.332 16.2 3.17
0.210 6 179 0.69 0.013 0.004 0.004 39 0.09 0.009 0.004 0.002 6.8 1.10
0.305 6 144 0.97 0.010 0.004 0.003 59 0.17 0.006 0.003 0.002 12.8 1.94
18835 708 836 2.69 0.177 0.319 0.365 194 1.24 0.155 0.292 0.330 19.1 3.95
0.210 4 140 0.73 0.013 0.004 0.004 23 0.18 0.010 0.003 0.002 9.6 1.53
0.305 4 117 0.79 0.011 0.003 0.003 63 0.20 0.007 0.003 0.002 20.0 1.50
18834 708 742 3.15 0.175 0.320 0.365 181 1.60 0.155 0.293 0.331 15.4 4.38
0.210 4 159 0.75 0.013 0.003 0.004 29 0.24 0.010 0.003 0.003 4.6 1.47
0.305 4 66 1.49 0.011 0.003 0.003 107 0.33 0.007 0.003 0.001 8.0 0.95
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5.3. Characterising the SOL
This section aims to characterise the SOL using the available diagnostics and diagnostic codes, with a
view to checking the validity of probe based measurements at the outboard-mid plane and the appropri-
ate interpretation to apply on the Gundestrup probe data.
There are three main diagnostic systems used to characterise the outboard SOL plasma parameters:
the YAG Thomson scattering systems, probe heads mounted on the reciprocating probe system, and the
target Langmuir probe arrays.
• The YAG Thomson scattering system[117] views the edge to a radius of 1.45m, with collection
channels spaced at ∼1cm intervals at the edge of the plasma. Measurements are taken every 5ms,
and the integration time of the system is effectively instantaneous with respect to changes in the
plasma. At the low densities and temperatures encountered in the SOL the errors on the analysis
of the spectra become large (∼ 20% - 40% at best).
• The Gundestrup probe head (see section 4.4.2) includes a triple probe for diagnosis of the tem-
perature and density. However there are concerns regarding the reliability of this data due to the
legacy electronics performance, and the separation of the probe tips combined with local gradi-
ents of potential, density and temperature due to the intermittent plasma structures discussed in
chapter 3. The Filament probe head (see section 4.4.3) has multiple triple probes and has newer
electronics of the same design as those used for the Gundestrup probes triple probe. However, post-
experiment analysis found that the modules were prone to pickup and cross talk making the raw
data impossible to analyse. In lieu of such density and temperature measurements the integrated
current density over the side pin array can be compared to the Bohm value (0.5enecs) computed
using the TS density and temperature profiles to check the data is consistent between diagnostics.
• The target probe arrays[118] can be operated in swept mode (see section 4.2.1) with a sweeping
period of 60µs in order to obtain density and temperature profiles for the SOL at the target plate.
Alternatively it may be left biased in ion-saturation current mode for faster measurements. The
details of the target probe system will be discussed later.
For the first set of discharges data is available from the TS system. However the target probes were not
operating in swept mode so temperature and density data are not available at the target plates. For the
second set of discharges the target probes were in swept mode and temperature and density information
at the target is available. As the second set of discharges are sufficiently similar to the first set, as shown
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in the previous section, the temperature and density profiles recorded by both the TS and the target
probe in the second set of discharges can be taken to be a good representation of the profiles in the first.
5.3.1. Time Variation of SOL Parameters
Firstly we investigate the time variation of the SOL parameters: if the parameters are reasonably constant
during the period of interest then a radial profile built up over multiple measurements can be used to
characterise the SOL. Taking a scenario 1 type discharge 18720, the general time evolution of the outboard
mid-plane SOL radial profiles of density and temperature can be investigated.
Thomson Scattering Measurements
Figures 5.12, 5.13 show the time variation of radial density and temperature profiles measured by the TS
at 5ms intervals at the outboard mid-plane during the time window established in the previous section.
Plot (a) in both figures shows the variation of the measured quantity in machine coordinates, and (b)
in terms of position with respect to the LCFS at that time. The vertical dashed lines in plots labelled
(a) correspond to the LCFS, and the horizontal dashed lines the value of the measured quantity at the
LCFS from linear interpolation between the two nearest points. The third plot shows the time variation
of density and temperature at the LCFS.
Figure 5.12.: Edge TS electron temperatures in discharge 18720: (a) Radial profiles in machine coordi-
nates, (b) Radial profiles w.r.t. LCFS, (c) LCFS value with time.
The LCFS temperature and density are both seen to vary significantly with time. Though the tem-
perature does not show a particular trend the density shows a consistent increase throughout the shot,
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Figure 5.13.: Edge TS densities in discharge 18720: (a) Radial profiles in machine coordinates, (b) Radial
profiles w.r.t. LCFS, (c) LCFS value with time.
unlike the core values or “inner boundary” values shown in the precious section. The question arises as
to whether the variation in temperature is a consequence of the errors in the LCFS position amplified by
the difference between the linear interpolation and the true shape of the TS profile in the edge region, or
a genuine variation in temperature and density in this region.
The LCFS position at the outboard mid-plane is established by relation to the radius of the peak
intensity of the Dα light recorded by a fast, linear camera. It is usually taken that the Dα peak in MAST
is 1cm inside the LCFS. The camera samples once every millisecond with an integration period of 1ms,
and has a precision of ∼1.3mm. Thus the measured LCFS position — insofar as the Dα measurement
is a good proxy for determining it — is a time averaged quantity on the order of 1ms. On the other
hand TS measurements occur every 5ms, with integration time of 10ns, and are localised at a single
radial cord; so while the measurements are sparse in time and space compared to the Dα camera, they
are effectively instantaneous measurements at single points, capturing the fast density and temperature
fluctuations discussed at length in section 3.2. On time scales of the order of milliseconds the plasma has
a well defined edge and the SOL has a temperature and density profile, on faster time scales the SOL
is characterised by temperature and density fluctuations producing a distribution of temperatures and
densities, and indeed the edge TS system has been used to measure ELMs and the region of depleted
plasma left inside the LCFS when they are expelled[119]. Thus the fluctuation in the profile seen in
figures 5.12 and 5.13 are to be expected.
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For the purposes of characterising the SOL we wish to know if the time averaged radial profiles for
temperature and density are changing with time in a systematic way: if the plasma at the LCFS and in
the SOL is getting hotter or denser over the time frame of the flow measurements. The time traces in
figs. 5.12 and 5.13 may indicate some trend for density, but no trend for temperature.
Target Langmuir Probes
The density and temperature profiles are measured at the divertor target plates by an array of Langmuir
probes. The diagnostic technique was covered in section 4.2.1. Each target array consists of 48 probes,
16 of which are multiplexed to a single amplifier unit used to drive the probe. The voltage to each probe
is swept over a period of 60µs, which is on the same order as the time scales fluctuations. It seems
likely that the current-voltage curve used to diagnose the temperature and density is thus affected by the
fluctuating temperature and density of the plasma, introducing some errors in the measurements[78]. As
each probe is swept only once every millisecond, there is no time correlation between fluctuations on one
probe and another generated by the motion of a filament. Thus the radial profiles represent a series of
values selected randomly from the distribution of densities and temperatures at that radius in some way
averaged over 60µs, and so offer a better measure of the movement of any systematic change in the SOL
profiles than the TS.
Fig. 5.14 shows the temperature and ion-saturation current density profiles at the upper and lower
outboard divertor targets in shot 18720 colour coded at 10ms intervals throughout the window of inter-
est. During the course of the discharge the divertor legs sweep outwards, driven by the interaction of the
radial component of the changing solenoid field with the poloidal fields generated by the PF coils and
plasma current, so that the strike point moves outward with time (see sections 5.1.1 and 5.2). The plots
therefore show the recorded target LP measurements in terms of normalised flux at their radial positions
so that the profiles are kept consistent and can be mapped back to the SOL at the mid-plane, accounting
for the flux expansion and movement of the outboard mid-plane separatrix position and strike points
with time.
The normalised flux at the target plates are from the EFIT reconstruction and thus subject to sys-
tematic errors due to unmeasured magnetic fields and currents in the structural components near the
divertor, so the normalised flux has been shifted to map the peak in the averaged ion-saturation cur-
rent profile to the LCFS position at the divertor. The upper divertor target array did not have its full
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complement of amplifiers functional on the day of the experiment, so during the course of most of the
discharges the strike point moves off the target probe array.
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Figure 5.14.: Target probe measurements of ion-saturation current and electron temperature radial pro-
files at the upper and lower outer strike points of discharge 18720 between t=0.215s and
t=0.280s.
The distance between the flux surfaces associated with the upper and lower strike points for discharge
18720 is ∼2mm, which suggests the shot should be operating in a reasonably good CDND configuration;
this will be discussed in more detail in the next section. The upper and lower strike points show equal
peak temperatures and ion-saturation current densities, though the ion-saturation density appears more
strongly peaked on the upper divertor strike point.
The peaks and fall of lengths do not appear to show systematic changes in time, thus suggesting that
the SOL density and temperature profiles, time averaged over the order of 1ms can be approximated to
be constant.
5.3.2. SOL Characteristics at the Outboard Mid-Plane
In the previous section both Thomson scattering and the target probe data seem to indicate that the
SOL plasma parameters do not vary significantly during the discharge, and can thus be assumed to be
constant with time when averaged over periods of ∼1ms. Thus the radial densities and temperatures can
be calculated from the TS system and the target probe profiles and used to characterise the SOL at the
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outboard mid-plane. First we look at the magnetic geometry.
Magnetic Reconstruction
Magnetic reconstruction is performed by EFIT[120] which solves the Grad-Shafranov equation using con-
straints from magnetic pick up coils, the mid-plane edge radii from the Dα camera, and various pick-up
coils. EFIT produces output time-slices every 5ms. Figure 5.15 shows the magnetic geometry of a repre-
sentative discharge from each of the three scenarios at time slices corresponding to the start and end of
the window of interest, and the start and end of the period where the probe is at its maximum extent.
Figure 5.15.: Magnetic reconstruction of discharges (a) 16290, (b) 17824, (c) 17836 at several time slices.
Dashed lines show flux surfaces at ψ = 0.2, 0.4, 0.6, 0.8, .95, 1.05 and 1.2. Solid lines show
LCFS.
The plasma naturally moves throughout the discharge, contracting vertically and bulging outward.
The outward movement of the outer strike-points discussed earlier is evident, particularly for scenario
3. Scenarios 1 and 4 are very similar, which is to be expected as they have the similar plasma currents.
Scenario 3’s lower plasma current required a different configuration of currents in the poloidal control
coils, and shows a slight tendency towards a LSND configuration.
Figure 5.16 shows the height of the magnetic axis in machine co-ordinates and the distance between
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the flux surfaces associated with the upper and lower null-points at the outboard mid-plane. The sign
convention is such that positive values indicate the upper-null separatrix is inboard of the lower-null
separatrix. This is close to 0 in most of the shots, indicating a CDND configuration, but in the case
of scenario 3 is around -2mm – -4.5mm. The ion gyroradius (see 5.3.3) is of the order of 2.5mm to
3.5mm, suggesting that scenario is still a double null configuration, though perhaps not fully connected
and biased towards the lower divertor.
Figure 5.16.: Height of magnetic axis and separation of upper and lower separatricies at the outboard
mid-plane for (a) Scenario 1, (b) Scenario 3 and (c) Scenario 4 discharges.
Finally, figure 5.17 show the connection length (∼15m – 9m) at the outboard-side and it’s variation
with distance from the LCFS up to the region where the mid-plane is shadowed by the P5 coils. The
data is from a single time slice in the middle of the window of interest of a representative shot of each
scenario.
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Figure 5.17.: Connection length vs. distance from LCFS for scenarios 1, 3, and 4.
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Thomson Scattering
Figures 5.18 shows the raw Thomson scattering electron density and temperature measurements obtained
over all shots of each scenario. The raw data is shown in black. This data was binned in terms of radial
distance from the LCFS, with the mean and standard deviation of each bin is shown in red. Measure-
ments with errors in excess of 70% have been removed from the data sets to exclude anomalously large
and probably erroneous temperature measurements in the keV range. This treatment averages over the
effect of the intermittency. An exponential fit (solid green line) is applied from the data 2cm inside the
LCFS to the edge of the Thomson scattering collection optics, with the starting value and position fixed
and a zero offset to account for the slow fall off in the far SOL. As noted, scenario 4 has two variants,
and these have been treated separately.
The density and temperature plots show a rapid fall off in the region 2cm inside the LCFS to about
1-2cm outside of it, and a far slower fall off into the far SOL. The fast fall of in the first 2cm of the SOL
is expected in the simple models of the SOL, the longer fall off is likely related to the radial convection
of plasma by filaments and the nature of the filtering of the raw data for outliers. The measured points
are sparser in the far SOL region, and the photon count falls off as density and temperature of the
plasma decline. Thus TS measurements become progressively less accurate with radius as density and
temperature decrease, and the lower measurements are removed from the data set by the exclusion of
data points with greater than 70% error. Thus it is possible that the low densities and temperatures are
under-represented in the collected data, and the high density and temperatures are measurements of high
density and temperature plasma in the filamentary structures discussed earlier, leading to a systematic
over-estimation of the density and temperature in the far SOL.
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Figure 5.18.: TS radial profiles at the outboard mid-plane of electron density and temperature for (a)
Scenario 1, (b) Scenario 3, (c) Scenario 4 variant 1 and (d) Scenario 4 variant 2.
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Target Probe Data
Swept target probe data (i.e. temperature measurements) exists only for the second set of discharges for
each scenario. The scenarios have been shown to be reasonably well repeated between discharges and
thus it can be assumed that the target probe measurements from any one discharge will apply to all
discharges of the same scenario type.
The biasing voltage of the target probes is swept over a period of 60µs from ion-saturation to elec-
tron saturation regime, a period similar to the typical time scales of the intermittent fluctuations in
plasma parameters. Furthermore, the high magnetic shear around the x-point means that a toroidally
localised structure at the mid-plane is smeared out over a large arc at the divertor plate (see fig.5.21)
and so the footprints of what are discrete filaments at the outboard mid-plane overlap at the divertor.
Thus the measurements at the target probes represent a spatial average, proportional in some way to the
number of intermittent structures present in the SOL rather than occasionally catching a single structure.
In order to account for the sweeping of the strike point during the discharge when relating these
measurements to the outboard mid-plane radius, the data is recorded in terms of the normalised flux at
the time and location of each probe in the target probe array.
To obtain time averaged values, again, the measurements were binned in terms of normalised flux.
Points with measured errors greater than 75% were excluded, and those lying 2.5 standard deviations
from the mean of the population in the bin. The mean and standard deviation was then re-calculated.
142
0.94 0.96 0.98 1.00 1.02 1.04 1.06
Outer Upper Target
0.94 0.96 0.98 1.00 1.02 1.04 1.06
Normalised Flux
0
5
10
15
20
js
a
t 
[k
A
M
^
-3
]
0
5
10
15
T
e
m
p
e
ra
tu
re
 [
e
V
]
(a) Scenario 1 Discharges
Normalised Flux
0.94 0.96 0.98 1.00 1.02 1.04 1.06
0
5
10
15
20
js
a
t 
[k
A
M
^
-3
]
Normalised Flux
0.94 0.96 0.98 1.00 1.02 1.04 1.06
0
5
10
15
20
T
e
m
p
e
ra
tu
re
 [
e
V
]
Normalised Flux
Outer Lower Target
0
1
2
3
4
0
10
20
30
40
0
2
4
6
8
0
20
40
60
80
0.94 0.96 0.98 1.00 1.02 1.04 1.06
js
a
t 
[k
A
M
^
-3
]
Normalised Flux
0.94 0.96 0.98 1.00 1.02 1.04 1.06
T
e
m
p
e
ra
tu
re
 [
e
V
]
Normalised Flux
0.94 0.96 0.98 1.00 1.02 1.04 1.06
Outer Upper Target
0.94 0.96 0.98 1.00 1.02 1.04 1.06
Normalised Flux
js
a
t 
[k
A
M
^
-3
]
T
e
m
p
e
ra
tu
re
 [
e
V
]
(b) Scenario 3 Discharges
Normalised Flux
Outer Lower Target
10
12
0.94 0.96 0.98 1.00 1.02 1.04 1.06
0
js
a
t 
[k
A
M
^-
3
]
Normalised Flux
0.94 0.96 0.98 1.00 1.02 1.04 1.06
T
e
m
p
e
ra
tu
re
 [
e
V
]
Normalised Flux
0.94 0.96 0.98 1.00 1.02 1.04 1.06
Outer Upper Target
0.94 0.96 0.98 1.00 1.02 1.04 1.06
Normalised Flux
js
a
t 
[k
A
M
^-
3
]
T
e
m
p
e
ra
tu
re
 [
e
V
]
(c) Scenario 4 (17836 type) Discharges
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(d) Scenario 4 (17838 type) Discharges
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Target Probe Ion Saturation Current and Temperature Measurements at hte 
Outboard Upper and Lower Divertor Plates
Figure 5.19.: Upper and lower outboard target probe ion-saturation current and temperature profiles for
(a) Scenario 1, (b) Scenario 3, (c) Scenario 4 (17836 type) and (d) Scenario 4 (17839 type)
discharges.
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Temperature Gradients
Figure 5.20 shows data from the target probes mapped to the mid-plane co-ordinates and the Thomson
scattering measurements. No modelling of parallel temperature and density gradients is included for the
target probe data in these plots; instead the gradient is inferred from the difference between the target
profiles and mid-plane profiles.
Figure 5.20.: Lower (blue) and upper (green) outboard target probe temperature profiles mapped to mid-
plane radial coordinates, plotted over TS outboard mid-plane temperature radial profiles.
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The higher then mid-plane temperatures recorded at the lower (blue) divertor plate are of course phys-
ically impossible and point to a slight mismatch in the mapping of the LCFS form the divertor to the
mid-plane. The peak in the ion-saturation current may actually lie slightly outboard of the LCFS, as
particles diffuse inward to the private flux region, and there may be differences due to separation of the
separatricies associated with the upper and lower null points. As previously discussed, the different way
that the two diagnostic systems respond to intermittent events may also impact on their agreement.
The TS system captures the high end of the distribution of possible temperatures, associated with the
filaments, which are moving, but localised structures at the outboard mid-plane. Thus the TS system will
only occasionally capture filaments with high temperatures. These structures are field aligned so that
when they pass close to the x-point they become smeared out (see fig. 5.21, and appear on the target
plate covering a much larger arc in the toroidal direction than they do at the mid-plane. Thus, structures
that are discrete and separate at the outboard mid-plane overlap each other at the target probes so that
an individual target probe records a large number of these structures simultaneously.
Figure 5.21.: Two field lines near adjacent at the mid-plane, tracked through the x-point to the lower
divertor: toroidally localised structures at the outboard mid-plane map to extended arcs at
the divertor due to high magnetic shear around the x-point, thus discrete structures at the
outboard mid-plane may overlap at the target.
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Table 5.2.: Electron temperature, density, connection length, collisionality and ion-ion/electron-electron
mean free paths, averaged over the SOL width.
Scenario < Te > σTe < ne > σne L ν
∗
SOL,e σνe λ σλ
1 6 3 4.5E+18 2.1E+18 11 157 994 0.07 0.09
3 13 9 2.7E+18 1.0E+18 12 21 78 0.61 0.91
4 (17836) 9 6 2.6E+18 1.1E+18 10 30 171 0.33 0.42
4 (17838) 12 6 2.6E+18 1.1E+18 9 15 130 0.59 0.64
This will produce higher temperatures (as there is always some high energy electrons in the distribution
that a swept probe is effectively sampling) than the TS, which may or may not see a localised structure
in the cord of the laser and view of the collection optics.
However the relative closeness of the temperatures indicates that the parallel temperature gradients
are not likely to be significantly large when compared to the probe disturbance length calculated above.
Table 5.2 shows the collisionality calculated using electron density and temperatures calculated by the
Thomson scattering averaged over the SOL. Scenarios 3 and 4 both show intermediate collisionality, which
is consistent with the low temperature gradients implied by fig. 5.21. However scenario 1 shows a high
collisionality, yet fig. 5.21 implies a low temperature gradient, which is mildly inconsistent. It is worth
noting that the high collisionality in scenario 1 is largely due to the very low upstream temperatures seen
in this discharge, and there isn’t much scope for strong temperature gradient in this case for that reason:
a drop of 6eV at most over the entire SOL.
The outboard SOL has been characterised in each of the three scenarios. Within errors, the two variants
of scenario 4 appear to be the same within errors and the distinction between 17836-type and 17838-
type discharges will no longer be observed. All discharges conform to CDND geometry, with the plasma
position such that the mid-plane of the plasma is accessible to the reciprocating probe. Temperatures
and densities radial profiles at the mid-plane and target show exponential fall off at the separatrix and
flattened profiles in the far-SOL. Parallel gradients in temperature and density appear weak. Scenario 1
may have a collisional SOL, while scenarios 3 and 4 appear to have intermediate collisionality.
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5.3.3. Validity of Probe Measurements
Before information can be extracted from the raw Gundestrup probe signals, consideration must be given
to the validity of the reciprocating probe measurements in the SOL, as discussed in chapter 4. Three
criteria are considered: the disturbance length of the probe — the effective length of the pre-sheath
generated by the probe collection surface — the parallel gradient of temperature and density, and the
gyroradius of the ions. In addition, as a cross check, the ion-flux to the probe is compared to the Bohm
value based on the averaged temperature and density measured with the Thomson scattering system.
Gyroradius and Magnetisation
The ratio of the ion gyroradius to the dimensions of the probe collection surface, d, determines whether
the probe is magnetised or un-magnetised for the purposes of interpretation, as discussed extensively
in chapter 4. The ion temperature fall off is slower than the electron temperature as the electrons lose
energy in the SOL faster than the ions unless the SOL is highly collisional (see chapter 2). For scenario
3 and 4 the SOL is only marginally collisional, but scenario 1 may be collisional. Thus we assume the
ions have a temperature between one and twice that of the electrons.
Figure 5.22 shows the gyroradius for the three scenarios calculated using the total magnetic field
strength from EFIT, and taking the ion temperature to be electron temperature (circles), and twice
the electron temperature (squares) at the LCFS according to the fits presented above. The lines show
the probe tip dimensions, 1.5mm for the triple probe on the GSP, 2mm-3mm for the Filament probe,
3mm-4mm for the Gundestrup probe, as described in Chapter 4. The plots indicate that the MAST SOL
conditions are in the region of ρd ∼ 1 (ρ is the ion gyroradius and d the typical dimensions of the probe),
making it difficult to determine whether to use magnetised or unmagnetised probe interpretation. The
situation is further complicated when considering is given to the simplistic assumptions have been used
about the ion temperature, and the possibility of higher temperatures in the filaments.
Given the large errors, lack of ion temperature measurements and final result suggesting marginal
magnetisation, it seems best to analyse the reciprocating probe using both magnetised and un-magnetised
interpretations.
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Magnetisation: Gyroradi vs Radius
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Figure 5.22.: Ion gyroradius vs. distance from LCFS.
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Probe Disturbance Length
The presence of the reciprocating probe head perturbs the plasma; the details of this are covered more
extensively in chapter 4. The probe head acts as a sink for particles so that a presheath — with particle
densities and plasma potential different to that of the bulk plasma — is generated in the flux tube ter-
minated by the probe head. This presheath extends along the flux tube until the radial flux of particles
into the tube is equal to the sink action of the material probe.
The interpretations in chapter 4 relate the potential and current measured by the probe to the value
in the bulk plasma, so the length of the presheath is important in determining whether the location
of the bulk plasma being measured is local to the probe, an average over some length, or whether the
probe acts as a limiter, leading to the presheath extending the entire parallel connection length. If the
parallel gradients of the bulk plasma are shorter than this distance then the measurement is no longer
localised to the mid-plane, and if this distance is as long as the parallel connection length then the probe
is perturbing the entire SOL and the interpretations used in chapter 4 no longer apply.
The probe head itself can be taken to be magnetised, being on the order of d = 5cm compared to the
gyroradius of ∼5mm, and the area of interest is approximately r = 5mm in radial distance (that being
the radial extend of the probe collection surfaces). Using the Bohm Criterion with Ti = Te, the particle
flux to the probe body is approximately:
Γi‖ = n∞ exp(−1)csrd (5.1)
and the radial cross-field flux into the tube is approximately
Γi⊥ = n∞v⊥L‖d, (5.2)
where L‖ is the length of the plasma-presheath region where density gradients are perturbed from the
bulk plasma value. By equating these expressions, and substituting for v⊥ with
v⊥ =
D⊥
r
, (5.3)
an expression for L‖ can be derived:
L‖ =
exp(−1)csr2
D⊥
. (5.4)
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Taking a typical value of D⊥ = 1m
2s−1 and ion temperatures between 10 and 30 eV, this gives probe
disturbance lengths on the range of 30cm to 50cm. This distance is low compared to the connection
length and as discussed in section 5.3.2, it seems that parallel gradients should be shallow, and of the
order of the connection length.
Cross Validation of Probe Measurements with Thomson Scattering
Probe-based measurements of the density and temperature of the SOL at the outboard mid-plane are not
available for the reasons discussed earlier. However, as a method of cross validation the ion-saturation
current density drawn by the Gundestrup probe is compared to the value given by the Bohm criterion,
0.5enecs.
The Gundestrup probe consists of 8 planar collection surfaces, and each one is shadowed by the body
of the probe, thus experiencing a fraction of the particle flux that a free floating probe biased into
ion-saturation current would experience. Indeed, the ratio of the various currents drawn is the basis
for determining the flow in the background plasma. Thus the particle flux has been integrated of the 8
angles for comparison with the Thomson scattering measurements. As seen in fig. 5.23, the ion saturation
current density matches the Bohm value well.
Figure 5.23.: Comparison of measured particle flux (Gundestrup probe) and that inferred from Thomson
scattering density and temperatures.
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5.4. Summary
Three sets of scenarios were developed to systematically investigate SOL flow dependence on temperature
and poloidal field. Multiple discharges for each scenario have been performed, showing good repeatability
and self similarity.
The repeatability and self similarity allow SOL plasma parameters obtained from target probes, Thom-
son scattering and other diagnostics to be combined to characterise the SOL in each scenario. Though
two variations of core behaviour were found for scenario 4 discharges, the edge regions exhibit the same
properties within errors.
The SOL plasma parameters and characteristics have been checked for the validity of Langmuir probe
measurements at the outboard mid plane. The probe disturbance length has been found to be on the
order of 30-50cm, much smaller than the connection length and likely parallel variations in plasma
temperature and density in the SOL, so that measurements obtained from the reciprocating probe are
reasonably localised to the outboard mid-plane. The ion gyroradius is such that the probe is not well
magnetised, but not definitively unmagnetised, therefore both magnetised and un-magnetised probe
interpretations should be applied and the results compared. Comparison of the measured particle flux by
the Gundestrup probe is consistent with the expected value using the Thomson scattering density and
temperature measurements, confirming the validity of the probe measurements.
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6. Results: Intermittency and Filamentary
Structures
A subject of great interest in recent years has been the study of edge turbulence and convective transport
in the SOL. As discussed in chapter 3, blobs of plasma with higher densities and temperature than the
ambient plasma are ejected into the SOL from the edge. Parallel transport extends these into field-aligned
filamentary structures, while a local electric field arises within the filament due to curvature and gradient
particle drifts, in turn leading to E×B drifts that convect the filament radially outwards through the
SOL.
The existence of these filaments in the SOL — and the intermittent local gradients in temperature,
density and electric field associated with them — have an impact on the methods of measuring flow with
Langmuir probes as well as the physics of flow in the SOL by the radial convection of plasma momen-
tum. This chapter focuses on investigations of these structures using data obtained from the Gundestrup
probe during the flow scaling experiments. The analysis of the Gundestrup probe data to obtain flow
measurements is presented in the next chapter.
Much work has been done on the investigation of L-mode turbulence and convective transport using
statistical analysis of Langmuir probe measurements, both on other machines and also on MAST (see
section 3.2.4). Current efforts focus on obtaining a better understanding of the instability mechanisms
driving turbulent transport at the plasma edge and the structure and dynamics of the filaments that are
responsible for the radial cross-field convection of plasma to the wall. Building on previous studies of
intermittency in MAST, the possible impact of these filaments on probe measurements is assessed, and
methods for resolving measurements of the background and filament plasma using Langmuir probes are
developed.
Section 1 introduces the raw data from the Gundestrup probe and the connection between the inter-
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mittent bursts in the time series data with the interaction of the probe with filamentary structures, and
discusses demonstrates the importance of understanding the filaments and their impact on the interpreta-
tion of the probe measurements. The statistical methods that are applied to raw data are also introduced.
Section 2 builds on previous work on MAST by applying some now-standard statistical approaches to
intermittency — developed on other machines and previously applied to some L-mode discharges — in
the context of the parameter scan of Ohmic L-mode discharges described in the previous section, with a
view to characterising the intermittent nature of the SOL, investigating the structure and dynamics of
the filaments, and further investigating the impact of intermittency on the operation of probes for the
purpose of flow measurements. Section 3 discusses the conclusion that can be drawn, and the implications
for flow measurements with Langmuir probes in the turbulent SOL rather than the laminar description
assumed in Mach probe theory.
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6.1. Intermittency and the Gundestrup Probe
The Gundestrup probe was reciprocated into the discharges, as described in the previous chapter. The
orientation of the probe with respect to the magnetic field is shown in the schematic in fig. 6.1 (c). The
view is taken looking from the centre column looking radially outwards towards the probe. The magnetic
field line is angled at approximately 30◦ to the horizontal, as shown. The positions of the side pins are
marked by coloured circles, with the darker colours indicating the upstream facing probes based on the
expected direction of the flow, predicted in chapter 3 to be anti-parallel to the field.
Figure 6.1 (a) shows typical 50ms section of an ion-saturation current signal drawn from pin 1 of the
Gundestrup probe. The sampling rate of the electronics here is 500KHz. It can immediately be seen that
the ion-saturation current fluctuates wildly over a range of at least an order of magnitude. Figure 6.1
(b) shows an expanded 5ms section of this time series for all 8 pins. The pins have been organised into
opposite pairs for clarity, and are colour coded the same as the schematic of pin locations in the schematic
(c). In the 5ms time series it can be seen that the fluctuations consists of a series of intermittent, coherent
bursts, “spikes”, of varying amplitude; during which the particle flux to the probe collection surface is
significantly enhanced.
Figure 6.1.: (a) Typical 50ms ion-saturation current time series recorded at the outboard mid-plane by
a Langmuir probe. (b) 5ms time series showing time series from all 8 probes, organised by
opposite pairs of pins. (c) Schematic showing orientation of the Gundestrup probe during
the experiment.
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The cause of these large intermittent bursts in ion-saturation current is the interaction of the probe
with an L-mode filament of the type discussed in section 3.2. Figure 6.2 shows 250µs of camera footage
of an L-mode filament passing over the reciprocating probe. The camera image is taken in visible light
taken using the Photron camera with 100 KHz frame rate and 10µs integration time, shown in false
colour to improve contrast. Below are shown the time traces of the ion-saturation current measured by
the leading pin (marked in blue on the schematic) of the Gundestrup probe array, and floating poten-
tial measured by two opposite, near field-aligned pins. Frames have been omitted in the period before
and after the peak of the interaction, so the first and third row shows frames every 30µs, and the mid-
dle row shows frames every 10µs. The view is of a narrow section of the mid-plane on the outboard
side, looking through the plasma, with the probe entering the plasma from the rear so that the front of
the head is visible to the camera. The filamentary structures are visible as red streaks aligned to the
magnetic field on the blue background. The probe itself can be identified by the bright spot — due to
the increased Dα intensity generated by plasma recycling off the probe surface — circled in the first panel.
As the filamentary structure moves over the probe the ion-saturation current spikes, as does the float-
ing potential recorded by the two probes. The parameters of the plasma in the filamentary structures are
different from that of the ambient plasma. This clearly has implications for Langmuir probe interpreta-
tion, particularly Mach and Gundestrup probes, as the basic assumptions for the interpretation require
that and differences in measurements taken by different collection surfaces comprising the probe be due
to the effects of flow rather than variation in the bulk plasma.
Analysis of the camera images suggest the filaments toroidal extent (see table 3.1 on page 67) is on the
same order as the Gundestrup probe width. Considering the radial and toroidal motion of the filaments,
it is clear that a given filament will not interact with all probe pins simultaneously, and may not even
interact with some pins at all. Evidently, simply applying the various Mach probe equations will give
wildly fluctuating Mach values if one probe is drawing a large current from a dense, hot filament and the
other is drawing a low current from a cool, tenuous background plasma.
It has been common practice on MAST when taking measurements with the reciprocating probe to
smooth Langmuir probe time series with a running average using a width on the order of 1ms in order
to average over the fluctuations in the signal generated by interaction with the probe. This is based on
gradient driven models of turbulent particle flux, where the turbulent scales are assumed to be small lo-
calised perturbations about an equilibrium profile. This however is not an adequate model of the L-mode
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SOL, as discussed in chapter 3. While applying this method to ion-saturation current time series will
provide some kind of time-averaged estimate of particle flux to the probe surface, it is not immediately
clear if this is the best possible way to extract information from Langmuir probe data more generally.
While time averaging the signal may allow the average flow velocity to be recovered, it is not clear that a
temperature calculation using eq. 4.11 performed with smoothed values of V+ and Vf would necessarily
produce the time averaged temperature, while instantaneous measurements would certainly be wrong, in
the presence of a gradient in temperature or plasma potential between the two various pins.
Thus the need to better understand how to interpret LP signals in the intermittent SOL plasma —
and to characterise the plasma properties of the filamentary structures themselves — prompted further
investigation into the L-mode filaments. The investigation of these filaments consisted of statistical
analysis of the ion saturation time-series obtained in the flow scaling experiments. The results of this
analysis are presented in this chapter, and used to develop a method of statistical analysis to obtain flow
measurements. The application of this method to the data to obtain flow measurements is presented in
the next chapter. Further investigations into the filaments were carried out, but are not complete at the
time of writing, and these are discussed in chapter 8 as part of ongoing and future work.
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Figure 6.2.: A filament interacting with the probe: Ion-saturation current shown in blue, floating potential in red and yellow, with the probe tip location
on the probe head indicated on schematic. The filament is imaged in visible light and displayed in false colour with red denoting higher
intensity. The Filament is moving from right to left over the probe, circled.
157
6.1.1. Statistical Analysis of Ion-saturation Current
A number of statistical methods are used to analyse time series of measurements of the SOL when in-
vestigating intermittency, such as calculating the probability density function, skew, and kurtosis of the
signal, while conditional averaging can be used to investigate the shape of spikes in the time series asso-
ciated with a filament interaction with the probe.
Several methods for estimating the probability density function (PDF) of a variable from an experi-
mental data exist, the most common being the histogram. However histograms are sensitive to arbitrary
choices of bin size and bin locations which can introduce significant artefacts into the data. Instead, the
method employed here is the kernel density estimator, described below.
As the time series of ion-saturation current drawn by the probe is likely to produce a complex distri-
bution function — depending on the physics of turbulent instabilities giving rise to the filaments, the
dynamics of the filament, the passage of the filament across the probe etc. — a non-parametric method
for inferring the significance of the estimated distribution function and other statistics of interest must
be used. A Monte Carlo re-sampling technique referred to as the bootstrap method has been applied to
the experimental data. A brief summary is included here, and a more detailed description of the kernel
density estimator can be found in appendix C
Kernel Probability Density Estimator
From a data set consisting of samples {X1, ...Xn}, each sample is replaced by a smooth “kernel” function
centred on the location of the data point, and the PDF is constructed from a linear superposition of these
kernels, normalised so that function integrates to unity. This has the effect of removing the discontinuities
and artefacts introduced by the choice of bin widths and locations associated with histograms, and reveals
more of the fine structure of the distribution. This is particularly useful for long tailed distributions that
characterise intermittency.
The estimate of the probability density of a variable x, fˆ (x), can be calculated from individual samples
X by
fˆ (x) =
1
nh
∑n
i=1
K
(
x−Xi
h
)
, (6.1)
where K is the kernel function, h is referred to as the kernel width, n the number of samples and Xi the
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samples themselves. The kernel itself must be a legitimate probability density function, and a Gaussian
is used here throughout. The greater the kernel width, the more smoothed the overall function is with
respect to the observed data set, and when narrower the width, the more sensitive the estimate is to
individual samples.
However for long tailed distributions produced by large-amplitude but low-frequency events, such as
the ion-saturation currents recorded by a Langmuir probe in an intermittent tokamak SOL, a single choice
of h that provides good resolution to any fine structure around the core of the distribution (necessary to
resolve a bimodal distribution, for example) will under-smooth the tail, while a value of h that smoothes
the tail region will over-smooth the denser areas of the distribution. A method known as the Adaptive
Kernel Estimate[121], also described in appendix C, is thus used. The kernel width is allowed to vary
with the local density — calculated in an initial “pilot” estimate fˆpilot — controlled by a set of “local
bandwidth factors”, λi.
The value of h can be optimised by using least squares cross validation, a method which minimises
the best estimate of the discrepancy between the estimate of the distribution function, fˆ , and the true
distribution function underlying the data, fˆ , by varying h.
Bootstrap Method
For a set of data {X1, ...Xn} drawn from an underlying distribution f , an estimate θˆ = θˆ(X1, ...Xn) of
some statistic (θ) of f . The previous paragraphs discussed the construction of fˆ(X1, . . . Xn) from which
θˆ may be calculated.
The variance of θˆ can be calculated analytically if θˆ is simple and if f is known. If the form of f is
unknown the traditional approach for estimating the bias and variance of θˆ cannot be used. The Boot-
strap, first introduced by Bradley Efron [122], is a computational method for estimating the sampling
distribution of a statistic and its characteristics. The description given here is a summary, further details
can be found in ref. [123].
In the Monte Carlo technique the approximate the variance of θˆ can be found when f is known but
the calculation of the analytical form for the variance is too complex. By repeatedly drawing new sets
of data from f and calculating θˆ, the sample variance of the values of θˆ approximate to the variance of
θˆ. As we do not have an analytical form for f , but fˆ is known from the data, it may be used as an
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approximation of f and the same procedure applied.
Repeated “Bootstrap Samples”, {X∗1b, ...X∗nb} , b = 1...B can be independently selected from fˆ , and
θˆ∗b = θˆb
∗
(X∗1b, ...X
∗
nb) calculated. The bootstrap variance is
v
(B)
Boot =
1
B
B∑
i=1

θˆ∗b − 1B
B∑
j=1
θˆ∗l


2
, (6.2)
and the Monte Carlo Bootstrap estimate of the mean square error (MSE), incorporating the bias and the
variance of θˆ
v
(B)
Boot +
(
b
(B)
Boot
)2
=
1
B
B∑
i=1
(
θˆ∗b − θˆ
)2
. (6.3)
6.1.2. Implementation of Adaptive Kernel Estimate and Bootstrap Method for
Data Analysis
The implementation of the statistical analysis was performed using IDL, a versatile data analysis package
which has the advantage of having many customised/specialised routines for handling and analysing of
MAST data, and a wide range of pre-existing functions for data analysis. It has the significant dis-
advantage of imposing large computational overheads, in particular the manner in which the package
handles loops, which in many ways make the iterative approach used in bootstrapping more computa-
tional expensive than it should be. This has required approximations and simplifications to be made,
in particular the ideal choice of h, the kernel width, and the local bandwidth factors, λi, for the kernel
density estimate. The use of IDL was a choice of convenience and in part imposed by limits in time
and computer resources. If re-implemented in C++ of Fortran, these overheads would drop and a more
rigorous analysis could be performed.
Ideally when estimating the probability density of a data set the λi would be computed for each boot-
strap sample and an optimal h chosen using LSCV. This would involve a series of iterations to minimise
a score function approximating the MISE of fˆ , thus calculating fˆ many times for each fˆBoot. Sufficient
computational resources were not available. A fixed, non-optimised value of h, when combined with
the bootstrap method, should act to increase the estimate for the RMSE of the various statistics com-
puted, and so the obvious choice given finite computing resources is to use the bootstrap method and
pick a value for h that is likely to be an adequate approximate to the optimal value and quantify the error.
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Thus the kernel width was chosen using an ad-hoc procedure suggested in ref. [121] and summarised
in Appendix C — relating h to the smallest of either the inter-quartile range or the arithmetic standard
deviation of the dataset — and the λi’s were computed from fˆpilot. The estimate fˆ was then constructed
from the dataset using the local bandwidth factors to vary the kernel width for each data point, and
evaluated at 200 points over a range extending from 4h smaller than the minimum sample to 4h greater
than the maximum sample, and new local bandwidth factors calculated for those 200 points. This reduces
computational overheads, allowing a single calculation of the local bandwidth factors and limiting the
number of points at which fˆBoot must be evaluated over. However this restricts the possible values that
certain statistics (for example the mode) may take which will lead to an underestimate in the RMSE. If
this procedure were re-implemented in a language with less computational overhead, a higher resolution
would be possible.
The bootstrap samples were generated by selecting randomly from fˆ . Assuming fˆ and fˆBoots are good
estimates of the true density function — as the number of data points in the sample, n, is typically on
the order of several thousand data points or more this is a reasonable assumption — then the variation
in local bandwidth factors for each bootstrap sample should be minimal, and a single value of h chosen
from the empirical data should be approximately applicable to each of the bootstrap data sets drawn
from fˆ . However if the variation in local density of each bootstrap is significant, the RMSE inferred
will underestimate the true error. A more rigorous approach would be to select bootstrap samples, with
replacement, from the data, construct local bandwidth factors from a pilot, then select h using LSCV to
produce each fˆBoot
The number of bootstrap iterations required was investigated, iterating first 1000 and then 5000 times
from a sample of Gundestrup probe ion-saturation data. Figure 6.3 (a) shows fˆ with error bars displaying
the root mean square error (RMSE), and (b) shows the RMSE as a percentage, for both the 1000 iteration
case and 5000 iteration case. The change in the RMSE is small and indicates that there is no real need
for more than 1000 bootstrap samples to be drawn when estimating fˆ .
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Figure 6.3.: (a) Probability density vs. ion-saturation current, with bootstrap RMSE for 1000 and 5000
iterations, (b) RMSE expressed as percentage for 1000 and 5000 iteration cases.
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6.2. Radial Variation in Ion-Saturation Current Distribution
In the following section the ion-saturation current is that drawn by pin 8 on the MAST Gundestrup
probe. This pin has been chosen as it is the first to interact with a field aligned filamentary structure
moving toroidally over the probe head (see schematic of probe head in fig. 6.2) and therefore least likely
to have been perturbed by the presence of a material surface.
The status of the circuit is determined by monitoring the potential across the power supply driving
each pin. If the power supply voltage drops 5%, due to some strong plasma event such as fast particle
interactions from a sawtooth event, or arc formation, then the data is discarded. Data from each scenario
type is pooled and binned by distance from the LCFS at the outboard mid-plane, the probability density
function is then calculated using the adaptive kernel method, and the bootstrap method applied using
1000 iterations to produce RMSE for the various properties of the distribution.
At this point it is useful to define the term “modal” which will be used frequently in the rest of the
analysis and results. The word modal is used here to describe the value x for which f(x), the probability
density function, is maximised. In statistics the most frequently sampled value in a dataset is said to
be the mode of the dataset, and is therefore the most likely outcome of a sample from that distribution.
The quantity for which this value will most be used is ion-saturation current so the abbreviation MISC
will be used, for Modal (or Most frequent) Ion-Saturation Current.
Figure 6.4 (a)-(c) shows the PDF of ion-saturation current sampled at different radial locations with
respect to the LCFS, in 5mm radial bins for each scenario. Inside the LCFS the distribution tends to be
broad and symmetric, beyond the LCFS the distribution become increasingly skewed, with increasingly
low MISCs representing the “background” plasma and a long tail of infrequent high current events.
Figures 6.4 (d)-(f) show the distribution normalized to the MISC at that radius to more clearly compare
the change in the shape of the distribution with radius. The choice of the modal value as the normalisa-
tion factor is motivated by the greater sensitivity of the mean value to the tail end of the distribution.
In fig. 6.5 the skew and reduced kurtosis of the distribution are plotted with radius for the three
discharges. Skew is a measure of symmetry, and kurtosis of peaked-ness, where positive skew denotes a
heavier weighting in the high tail of the distribution and positive kurtosis indicates increased peaking of
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the distribution. The kurtosis of a normal distribution is 3, reduced kurtosis (k - 3) is plotted here, so
that the value for a normal distribution is 0. The data plotted in red is from the analysis described above
(radially binned raw data); whereas the data plotted in black is from 5ms sections of the ion-saturation
current time series, thus preserving the relationship to time varying parameters such as density.
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Figure 6.4.: (a)-(c) Probability density vs. ion-saturation current at different radial locations for scenarios
1,3 and 4 respectively. (d)-(f), Probability density vs. ion-saturation current normalised by
the MISC for each radial location. 165
Figure 6.5.: (a)-(c) Skew vs. radius for scenario 1, 3 and 4. (d)-(f) Reduced kurtosis vs. radius for
scenario 1,3 and 4. Results plotted in red are from ion-saturation currents recorded in all
discharges of that type, binned by radius. Data plotted in black are from continuous segments
of the ion-saturation current time series, plotted at the average radius of the reciprocating
probe during that time segment.
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The plots of PDFs show that a substantial change in the distribution of particle fluxes to the probe that
takes place somewhere near the LCFS; from a broad, symmetric distribution to a skewed distribution
with a narrow range of very frequent ion-saturation currents and a long tail of less frequent but much
larger ion-saturation currents. The plots of skew and kurtosis quantify the change in the shape of the
distribution through the SOL. Skew and kurtosis increase from inside the LCFS to a radius of about 2cm
where they plateau. This is similar to results reported in JET (fig. 4a in ref. [44]) and D-IIID (fig. 10 in
ref. [48]). However, the skew and kurtosis reported in both cases is lower than that reported in MAST,
suggesting either a higher frequency of events or larger events in MAST discharges.
The broader, more symmetric distribution of ion-saturation current inside the LCFS may be associated
with the density fluctuations thought to give rise to the filamentary structures in the SOL. The rise in
skew and kurtosis in the first 2cm of the SOL shows the increasing relative weight of the positive tail of
the distribution, consistent with a more rapid radial decline of the MISC compared to the tail. Beyond
2cm the skew and kurtosis of the distribution of ion-saturation currents remain largely constant.
It is obvious from the ion-saturation current traces shown in figures 6.1 and 6.2, that each ion-saturation
current sample is not truly independently drawn from a distribution produced by the plasma. The large
values are drawn from spikes in the time series, so if a large ion-saturation current is sampled during a
filament, they are likely to be followed and preceded by further samples from the tail of the distribution,
as the filament passes over the probe collection surface. Large ion-saturation current samples are corre-
lated, as are low ion-saturation currents, depending on whether the probe is interacting with a filament
or the ambient plasma. It is reasonable to suppose that there are two distributions of ion-saturation
current, one associated with particle flux to the probe surface during interaction with the hotter and
denser plasma of the filamentary structures, and one associated with the ambient “background” plasma
through which the filamentary structures move.
The rapid increase in skew and kurtosis in the first 2 cm of the SOL may then represent a region
where diffusive processes are responsible for a significant part of the radial transport of the ambient
plasma, leading to a region where the ambient plasma density responsible for the MISC ion-saturation
current values declines rapidly with radius, increasing skew and kurtosis. The region of steady skew and
kurtosis represent a region where the ambient plasma has been radially convected by filaments prior to
the fragmentation and dispersal of the filament, and the overall shape of the distribution of high and low
ion-saturation currents does not change. Thus one can infer the existence of a “near” SOL in the first 2
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cm from the LCFS, with diffusion playing a major role in cross-field transport, through which filaments
are intermittently convected carrying particles and heat with them. Beyond 2cm, in the “far” SOL there
exists a background plasma fuelled by the cross-field convection of heat and particles by the filaments.
6.2.1. Scaling of Ion-Saturation Current Statistics
Scenarios 1 and 3 exhibit very similar skew and kurtosis radial profiles, though in scenario 4 the skew
and kurtosis are higher, and the plateau reached much earlier. Earlier experiments at fixed radius[70]
indicated a scaling with line integrated density normalised to the Greenwald density. The data taken
in that case was at distance between 3cm and 5cm from the LCFS, on a series of discharges with fixed
plasma current and showed skew and kurtosis to peak at around a normalised line integrated density of
0.35 and declines monotonically.
Figure 6.6.: Skew and Kurtosis as functions of: (a) Line integrated density normalised to the Greenwald
density (b) Line integrated density, (c) Magnetic field strength at LCFS.
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The discharges in this investigation involve varying both plasma current and density. Plotting skew
and kurtosis of ion-saturation current recorded at radii between 2cm and 4cm from the LCFS, against
normalised density (Fig. 6.6 a) does not produce the same behaviour as seen in the previous study.
Plotting against line integrated density and magnetic field strength at the LCFS (Fig. 6.6 b and c) seems
to indicate a plausible case for the scaling of skew and kurtosis with magnetic field strength, with the
greatest change being driven by the change in poloidal field or temperature. However as density has
been deliberately varied in this experiment to control temperature independent from poloidal field, it is
impossible to resolve between these two scalings.
6.2.2. Resolving Measurements of “Background” and “Filamentary” Plasma
Ideally we would like to progress to measurements of the plasma parameters and dynamics of the filaments
themselves, and the plasma parameters of the background plasma. However because the filament evolves
in time — so that an individual filament may not interact with all collection surfaces of the probe— we are
forced to make inferences regarding the plasma parameters of the filament from statistical measurements.
The distribution of ion-saturation currents drawn from the time series could be affected by many fac-
tors. The range of currents drawn will be related to the difference in density and temperature of the
plasma in the filaments and background, while the proportion of high ion-saturation currents recorded
reflects the amount of time the probe is sampling filamentary plasma. Thus the particular form of the
ion-saturation current distribution can be affected not only by the relative density and temperature of
the filamentary plasma with respect to the ambient plasma, but the evolution of the dimensions of the
filament, the velocity of the filament, the frequency of filaments being ejected from the core, etc. However
as the skew of the distribution of ion-saturation current do not appear to change beyond 2 cm from the
LCFS (see figure 6.5), it seems reasonable to assume that the higher ion-saturation current values are
more strongly linked to the plasma properties of the filamentary structures rather than their dynamics, as
one would otherwise expect the tail of the distribution to change relative to the centre of the distribution
as filament disperse and decelerate with distance.
Using the bootstrap method described in section 6.1.1, several statistics and their RMSE were calcu-
lated from the data using the bootstrap method. These included the mean of the ion-saturation current,
169
the MISC and percentiles, Isat,i, in 10% increments (deciles), defined as
Isat,i∫
0
fˆ(Isat) = pi, pi = (0.1, .0.2, ..., 0.9) . (6.4)
The purpose of calculating the deciles is to try and provide some quantifiable discrimination between
particle fluxes associated with the background plasma and the plasma composing the filamentary struc-
tures.
Figure 6.7.: 2D plots showing the probability density function (shaded) of ion-saturation current (y-axis)
against radius (x-axis). Over-plotted are the mean, MISC and decile values.
Figure 6.8.: Plots showing radial decay of mean, MISC and decile ion-saturation currents for scenarios
1,3 and 4, (a)-(c) respectively.
Fig. 6.7, shows the PDFs (Fig. 6.4 (a-c) as a surface plot, with mean, MISC and decile ion-saturation
currents over-plotted. Fig. 6.8 shows the mean, MISC and decile fall off normalised the value 2cm from
the LCFS, the approximate starting point of the region where the skew and kurtosis plateau and convec-
tion appears to dominate as the cross-field transport mechanism.
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The radial fall off in ion-saturation current results from a balance between radial transport of particles
into and out of the flux tube, and the parallel transport to the divertor. If we assume the ambient plasma
is produced by particles that “leak out” of filaments, or plasma deposited by filaments as they disperse,
then the high degree of consistency between the radial fall-off lengths for mean, mode and decile ion-
saturation currents seen in figure 6.7, 6.8 in the far SOL suggest that the balance of radial and parallel
particle fluxes is the same for both high value ion-saturation currents associated with the filament and the
ambient plasma. This supports the assumption that the high decile ion-saturation currents correlate well
with the density and temperature of the plasma filament, as one would expect other processes affecting
the relative weight of the tail to the mode to lead either to steeper or to shallower radial fall-off for the
high deciles.
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6.2.3. Filament Detection and Conditional Averaging of Ion-Saturation Time Series
The analysis in the previous subsection looked at distribution of ion-saturation current — particle flux
at the probe surface — recorded by the probe. The distribution changes from a broad, symmetric dis-
tribution inside the LCFS, to a skewed distribution with a long tail of high ion-saturation currents. The
high tail of the distribution can be associated with the filaments, while it is assumed that the peak of
the distribution represents a more uniform, quiescent background plasma.
Conditional averaging is a tool that has been used to identify the waveforms of signals associated
with intermittent events (see, for example, ref. [61]). Typically a threshold is defined and regions where
the time series exceeds this threshold are identified as being samples from filaments. The segments are
centred about their peaks and averaged.
A common approach is to define the threshold in terms of the sample standard deviation and mean
of the dataset; typically two standard deviations above the mean. A flaw in this approach is that such
an arbitrary definition produces artefacts in the subsequent analysis. Indeed it is obvious by inspection
(see fig. 6.9) that there are numerous candidates for filament interactions that are rejected. An ideal
approach would be to correlate a series of different signals (e.g. floating potential, local Dα intensity
etc.) to identify when a filament was interacting with the probe. This approach is discussed in 8.2. In
the absence of multiple signals, an arbitrary threshold must be applied.
Based on the argument in the previous section, the MISC is assumed to be drawn from the background
plasma and the tail related to higher density and temperature plasma composing the filaments. With
reference to figures 6.4 (d)-(f), a threshold level for ion-saturation current to be considered to have come
from the tail of the distribution (and hence from sampling a filament) is defined as twice the modal
ion-saturation current value. Fig. 6.9 compares the two definitions applied to the same 5ms segment of
ion-saturation current time series.
Experience shows this to give better results, rejecting fewer likely filament events in the ion-saturation
current time series. Furthermore, as the threshold definition is defined solely in terms of the most fre-
quently sampled ion-saturation currents associated with the background plasma, it should be unaffected
by variations in amplitude of the filaments or frequency of filamentary events, unlike the mean and
standard deviation of the whole data set. This can then be used as a basis for detecting filamentary
interactions and measuring some of their properties more directly.
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Figure 6.9.: (a) PDF of ion-saturation current on Gundestrup Probe pin 8 between t=0.195s and t=
0.200s for discharge 16290 showing the. (b) The corresponding time series, showing the
threshold as twice the modal value (blue), and defined as two standard deviations above
the mean (green). Regions +/- 40µs either side of a peak of a filamentary interaction are
identified in red.
The time series for each discharge is split into 5ms sections, with the bootstrap analysis described in the
previous section performed for each 5ms section to determine the threshold, and the filament interactions
identified. The peak ion-saturation current in each spike is located, and ion-saturation profile 40µs before
and after the peak recorded (see fig. 6.9). For each probe-filament interaction the peak ion-saturation
current, time and the full-width-half-maximum (FWHM) duration — with the half-maximum defined as
half way between the modal ion-saturation current and the peak ion-saturation current — are taken for
each event.
Average Filamentary “Spike”
Overlaying several ion-saturation current “spikes” isolated using the procedure described above, centred
on the peak of the waveform, the profiles can be averaged to show how the typical signal produced by a
filamentary interaction with the probe. Figure 6.10 shows a series of such averaged filamentary interac-
tions at different radii for the three different scenarios, normalised to the peak value. At progressively
greater radii the fall-time of the current increases, indicative of the “comet tail” of tenuous plasma left
trailing behind the leading edge of the filament as seen in turbulence codes such as ESEL (see section
8.2.2) and in earlier investigations into probe/filament interactions.
Little variation is observed in filament duration between discharge types, however, the spread of fil-
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Figure 6.10.: Filament ion-saturation current profiles detected on GSP pin 8 vs. distance from LCFS for
scenarios 1,3 and 4, absolute (a)-(c) and normalised to peak (d)-(f).
ament durations indicate a range of filament velocities/widths, which may obscure any trend. Further
investigation of the scale and velocity of the filaments is required to draw sound conclusions.
Peak Ion-Saturation Currents During Filament Interactions
The peak values of the ion-saturation current during filamentary events are the best estimate for the
density of a filament. Whereas increase or decrease in filament velocity may alter the proportion of
samples in a time series that are drawn from filamentary plasma, the peak is sampled only once during
an interaction. Thus, as a measure of the particle flux, it will be un-affected by the filament dynamics.
However as the filament rise and fall times are short, the peak ion-saturation current will vary more
widely than statistical measures of filamentary particle flux (such as the value of the 9th ion-saturation
current decile), and is likely an underestimate due to ADC under-sampling and finite response of the
amplifiers used to measure the ion-saturation current.
Figure 6.12 (a) shows the amplitude of the ion-saturation current “spikes” vs. the distance of the
probe from the LCFS at time of the interaction, both measured for each individual filament and radially
averaged. The amplitude is defined as the difference between the peak ion-saturation current recorded
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Figure 6.11.: Average FWHM duration of filament interactions measured by GSP pin 8 with distance
from LCFS, for individual interactions and radially averaged. Filaments with widths less
than two digitised time steps have been removed.
during a filamentary interaction, and the MISC for each 5ms section of the time series; i.e. the “excess”
current above the background level. Figure 6.12 (b) shows the amplitude normalised to the modal ion-
saturation current, and it can be seen that predominantly the ratio appears to remain constant beyond
2cm from the LCFS.
The large spread in measurements of individual filaments obscures fine detail, and it would appear
better measurements are needed to draw firm conclusions, but the results suggest that the filament
density is, on average, somewhere between two to three times the background density throughout the
SOL.
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Figure 6.12.: (a) Peak ion-saturation current drawn during a filamentary interaction with the probe
with radius for individual filaments and radially averaged. (b) Peak ion-saturation current
drawn during a filamentary interaction, normalised to the modal ion-saturation current
when observed, individually and radially averaged.
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Filament Toroidal Velocities
Gundestrup probe pins 1 and 5 are diametrically opposite each other in the horizontal plane, separated by
5cm and facing in the toroidal counter current and co-current directions respectively. Filaments rotating
in the co-current toroidal direction, as observed on the photron camera, will interact with pin 1 and then
pin 5. By comparing the difference in arrival times of peak ion-saturation currents, the toroidal velocity
of the filaments may be estimated.
However as filaments also move radially and have a toroidal extent on the same scale length as the
separation of the two pins, a radially moving filament may intersect the probe in such a way as to appear
on both probes near simultaneously, or intersect with only one of the two probes. Thus differences in
arrival time less than 4µs, and greater than the average difference in arrival times between successive
filaments observed on pin 1 were discarded. This, the sampling rate of the ADC, and amplifiers response
to transient signals puts limit on the velocities that may be resolved. Figure 6.13 shows the filament
velocities with distance from LCFS for all three scenarios. The results broadly confirm the camera
measurements, suggesting a toroidal velocity of around 5kms−1 in the first 2cm of the SOL, falling to
between 3-4 kms−1 thereafter. There appears to be little variation in toroidal velocity with discharge type.
However this radial fall-off may however be an artefact of the measurement process, due to a decrease
in the number of filaments that interact with both pin 1 and 5, or a higher number of coincidental in-
teractions occurring on both pins within a short period of time when close to the LCFS. This method
is relatively crude, assuming subsequent peaks recorded on the latter pin is caused by the same filament
that caused the preceding peak on the first which may not be the case, while discarding time differences
that are greater than the average time between peaks observed on a single probe may well discard slow
moving filaments. The method could be improved upon by using a cross correlation method to identify
if the two interactions are well correlated, rather than assuming that the first peak to arrive at probe 5
after a peak is recorded at probe 1 is caused by the same filamentary interaction.
Combining the information on the toroidal velocity (3-5 kms−1) with the duration of the filamentary
interactions (15-20µs), we can infer the scale of the filaments cross section as being on the order of 4-10cm,
similar to that observed by the camera.
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Figure 6.13.: Average filament toroidal velocity with radius.
6.2.4. Further Investigation of Filaments
In addition to the analysis of the Gundestrup probe data presented in this section, further investigations
were carried out using the filament probe in the repeat discharges used to further characterise the dis-
charges (see chapter 5), and to compare filament plasma density, temperature and potential structure, as
well as filament scale and velocity, with results from a 2D fluid code, ESEL. However the data gathered
using the filament probe during the repeat experiments proved to be unusable due to high levels of pickup
and cross talk. As such this work remains incomplete, and is discussed in chapter 8.
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6.3. Discussion on Intermittency, Filaments and Flow Measurements
It is well established that the L-mode SOL is not the diffusive, quiescent plasma assumed in the derivation
of Langmuir and Mach probe interpretations. Instead it is characterised by rapid, localised fluctuations
in temperature, density and potential associated with discrete filamentary structures, convected radially
outward and moving toroidally in the co-current direction with velocities of up to 1.5km/s and 10km/s
respectively.
We first consider the validity of a single probe biased into ion-saturation current mode in this regime.
The filaments have an approximate lifetime on the order of 40-60µs and interact with the probe over a
period of 20-30µs. Assuming electron temperatures of 10eV and Te = Ti, the sound speed of the plasma
is on the order of 10kms−1. Taking ion parallel velocities on that order, the ions in the filament will
travel approximately 30cm along the field lines in the time taken to move over the probe, compared to
the filaments parallel extent of 10 metres.
It can therefore be argued that the probe measurement is still reasonably localised to the mid-plane,
and also that the interaction with the probe is unlikely to deplete the filament of particles. As sheath
formation time is much faster than the interaction time the current and potentials measured by the
probe should adjust to reflect the bulk plasma far faster than the evolution of the filament or the time
of interaction between the filament and the probe. It can therefore be assumed that basics of Langmuir
probe theory is still applicable and the plasma parameters of the filament at the location of the probe
during the interaction can be inferred using the standard Langmuir probes interpretations described in
chapter 4, provided that any other necessary criteria (e.g. triple probes pins are all in the same plasma
and do not experience large gradients between the pins) required are also met.
However for probes involving multiple collection surfaces on large scales, these criteria are not met.
For simplicity, while illustrating the impact of the filaments on flow measurement we can consider the
Gundestrup probe as a large scale Mach probe. Here the pin separation is on the scale or greater than
the filaments width and they do not measure the interaction with a filament simultaneously due to the
finite extent of the filaments, their time evolution and their trajectory: see fig. 6.14 (a), showing the
time series from pin 2 and 6 of the GSP, which are near field aligned and opposite and can be treated as
crude Mach probe.
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Figure 6.14.: (a) Ion-Saturation current drawn by two opposite, near field-aligned pins on the Gundestrup
probe. Note the lack of good correlation, even if a lag is applied. (b) Mach number calculated
using the Hutchinson formula.
If these signals are directly used to calculate flow as in the theory described in section 4.3, large, widely
fluctuating Mach values are produced (see fig. 6.14). This is because the flow is measured by the difference
in sheath-edge density on downstream and upstream probes from an assumed bulk density, generated
by the difference in potential drop across the presheaths in order to accelerate the plasma to meet the
Bohm criterion. If the two probes are sampling plasma with different bulk densities, temperature and
potentials, the biggest difference in ion-saturation current between the two pins will be generated by the
spatial variation of the plasma density, with second order effects due to the potential and temperature
gradients between the pins. An obvious first order correction would be to apply a time lag to the trailing
probe. However the time evolution of the filament and its trajectory give a reliable correlation length
that appears to be smaller than the separation of the probes collection surfaces. This is compounded
for the more complex Gundestrup probe, where all eight collection surfaces need to be sampling plasma
with the same bulk density in order to function.
A common approach to intermittency has been to time average these quantities. This approach can
be partly justified by the following heuristic argument:
• Consider an “idealised” Mach probe, that is a very small Mach probe that was unaffected in
every other way by its small scale, such that the particle fluxes experienced by both upstream and
downstream pins are perfectly correlated.
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• Following the argument that the current drawn by the probe adjusts to local density on the order
of the sheath formation time, and that the probe does not deplete the filament of particles, then
basic probe theory should still apply. The PDF of the time series of current drawn by both the
upstream or downstream facing collection surfaces would be related to the temperature, density
and dynamics of the filaments.
• It follows that provided the body of the probe is not disturbing the plasma significantly — a standard
assumption required for application of the interpretation of LP signals — the distribution of values
that upstream and downstream ion-saturation current measurements are drawn from should be the
same (in the absence of flow) even though the time series are not correlated due their separation.
• Any difference between the two distributions must be an impact of the probe geometry, such as the
blocking of particle flux from one direction, or difference in cross section presented to the field line.
The normal Mach probe interpretation should still apply, requiring a greater potential drop across
the presheath on the downstream side in order to accelerate the ions to the sound speed from a
drift in the opposite direction. Thus the difference in average ion-saturation currents must in some
way be driven by the same mechanisms in the idealised situations considered in the 1D fluid models
(See appendix B).
It is also clear that the spread in recorded ion-saturation currents does not represent a spread in the
flow velocity. It is entirely possible to imagine the upstream and downstream time series from an “ide-
alised” Mach probe being perfectly correlated, therefore giving a constant ratio indicating a constant
flow, while the spread in recorded ion-saturation currents on both signals remains large, as the spread
represents the amplitude, frequency and velocity of the fluctuations in density and temperature.
Maintaining the assumption that the probe does not perturb the structure of the filament, if it is further
assumed that the plasma parameters, including the plasma drift velocity, of the filaments are consistently
represented in each individual filament — so that rather than observing a parallel drift velocity of one
magnitude more frequently than an anti-parallel drift velocity of the same magnitude — then currents
drawn from the same percentile of the distribution sampled on one collection surface should correlate
with currents drawn from the same percentile on the corresponding distribution recorded at the other
collection surface.
The assumption that flow velocities in individual filaments are correlated can be supported by two
observations. Firstly, filaments convect various fluid quantities from inside the separatrix, including
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momentum, so that in principle their values ought to be correlated as they are drawn from the same
population of plasma. It would thus seem implausible that the parallel flow in some filaments would
be observed to be widely larger, smaller or in the opposite direction to that in other filaments. For
example we would expect a reasonably consistent parallel Mach number of 0.5 in every filament rather
than the parallel drift velocity of +1 Mach in 75% of all filaments and the remaining 25% having Mach
numbers of -1, thereby giving a value 0.5 when simply averaging the sampled ion-saturation currents.
The second, perhaps less strong argument for making the correlation assumption is that in some sense,
many L-mode Mach probe measurements have been made using some kind of time averaging over the
probe signals, either in the manner the hardware sampled or by averaging the data by radius or time dur-
ing analysis. As this method has been independently verified in linear devices[95], which also experience
intermittency[49], it seems likely that simple time averaging does to some extent recover the flow velocity.
If the percentile breakdown of the distribution reflects the plasma parameters of the filaments, as
suggested by the findings in section 6.2.2, the ratios of corresponding decile ion-saturation currents can
then be used to determine if flow in large, discrete filamentary structures is of the same velocity as the
background plasma.
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Angular Variation in Distribution of Ion-Saturation Current and Flow
The argument in the previous section suggests it should still be possible to use the angular variation in
the PDFs of the ion-saturation current to measure flow. Furthermore, under the assumption that the
mode of the distribution of ion-saturation currents represents the ion-saturation current drawn from the
ambient plasma, then flow calculated using the angular variation of the MISC should yield the flow in the
ambient plasma, while the variation in the tail of the distribution should yield the flow in the filaments.
The tail does not have a definite ion-saturation current associated with such as the MISC for the mode
of the distribution. However we can break down the distribution into deciles, as discussed in the previous
section, and assume that the deciles are correlated to similar plasma events seen on each of the different
probe collection surfaces. The flow calculated using the angular variation in the higher deciles may then
be a reasonable measure of the flow in filamentary plasmas.
There are arguments that can be made against this interpretation which should be considered. Firstly,
the tail of the distribution is far less sampled than the region around the peak, so variation of the ion-
saturation current in the high tail by angle will be subject to greater errors as fewer measurements are
taken of high ion-saturation currents. However the use of the methods described in section 6.1.1 and
appendix C provide an estimate of the error associated with those statistics. The second argument that
can be made is that there may be other effects that cause the variation of ion-saturation current with
probe direction, particularly in the case of the filament interactions which may be more significantly
perturbed by the presence of material surfaces; however we assume here that this is not the case.
However, if we assume that the high decile values can not be interpreted in the manner assumed in the
previous paragraph, we must bare in mind that the conventional methods of handling time series from
Langmuir probes — which often involves binning or smoothing and equivalent to taking the mean ion-
saturation current — is heavily influenced by the high tail of the distribution of recorded ion-saturation
currents (see fig. 6.16). In this case the flow calculated using the mean would be in error. If calculating
flow using the high deciles of the distribution in the manner suggested in the previous paragraph is not
appropriate, then the best statistic to use must be the MISC.
It is assumed from here onward that the angular variation in a given statistic — i.e. the mean, MISC
or corresponding decile ion-saturation current — calculated from the data set recorded by each probe
is entirely attributable to the differing drop in potential from the bulk plasma to the presheath to ac-
celerate the ions to meet the Bohm criteria, and the corresponding difference in density at the sheath edge.
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We now compare the flow from two data sets, calculated from various statistics discussed above. The
flow is calculated using the interpretation described in section 4.3 (see eq.’s 4.34 and 4.35). Note, a
detailed discussion of the fitting process, errors and sensitivity to miss-alignment is given in the following
chapter, see section 7.1.
The data presented in figs. 6.15 is collected from the Gundestrup probe time series, during a 5ms
period of discharge 16290 and 16293, both Scenario 1 discharges, at different distances from the LCFS
but at approximately the same time in the discharge. The bootstrap analysis discussed previously has
been applied to the data for each pin to calculate the estimate of the PDF and various statistics and
their uncertainties. The shaded surface shows the PDF, with the y axis showing the ion-saturation cur-
rent while the x axis shows the angle of the probe with respect to the magnetic field (see also fig. 6.1
(c) for a schematic showing the orientation). The line in green shows the mean ion-saturation current
recorded in this period on each probe, which is the statistic commonly used either explicitly or implicitly
in Mach/Gundestrup probe analysis when the time series is smoothed or binned. The line in aqua shows
the MISC, which under the assumptions described in the previous section is taken to be indicative of the
background plasma. The white lines show the decile values for each pin (see eq. 6.4).
The lines in fig. 6.15 are consistent with that expected in the presence of a flow (see section 7.1). On
the assumption that the only impact on the distribution of ion-saturation currents recorded by each pin
is due to the plasma drift velocity, the flow associated with the mean, MISC and decile ion-saturation
currents can be calculated. As discussed in section 5.3.3, it is unclear if the criteria for the application
of the magnetised or unmagnetised interpretation is met, so both are presented in figure 6.16.
The unmagnetised interpretation consistently produces higher Mach numbers than the magnetised in-
terpretation, which highlights the importance of ascertaining the applicability of either interpretation.
However this requires measurement of the ion-temperature or the gyroradius and no such data is presently
available. Nevertheless the characteristic behaviour is similar in both interpretations.
Close to the LCFS, there is no real difference in the calculated parallel or perpendicular flow using
either the MISC (representing the background plasma), the mean, or the tail of the distribution (repre-
senting the filaments).
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Figure 6.15.: Shaded surface plot of Ion-saturation current distribution recorded by each collection surface
on the Gundestrup probe (indicated by angle of surface normal to the co-current direction)
for two 5ms periods of Scenario 1 discharges. The points and line in aqua denotes the mode
of the distribution, the line in green the mean, while the decile values (see eq. 6.4) are
shown in white.
In the second case, in the far SOL, the parallel flow is markedly stronger in the background plasma, and
appears to be significantly lower in the filaments. The Mach number obtained using mean ion-saturation
current significantly under-estimates the flow speed in the background plasma. Figure 6.3 shows the
parallel flow calculated using the ion-saturation current mean and 9th decile, normalised to the value
calculated using the ion-saturation current mode versus radius, collected by scenario. In the case of
scenario 1 discharges the Mach numbers associated with the fluctuations are seen to peak at up to 1.5
times the value associated with the background plasma in the region 1cm inside the LCFS (the region
associated with the turbulence that gives rise to the filaments), while this rapidly falls in the SOL to
between one third and one half.
This is counter to the expected behaviour. It is a reasonable assumption that the filaments would
convect momentum radially, resulting in flow speeds faster than that of the background plasma in the
SOL. It is possible that while the plasma momentum is indeed convected and the flow velocity is higher
than the background, the sound speed of the filament plasma is sufficiently higher than that of the back-
ground plasma to account for the difference in Mach number. However if this is the case the filament
ion temperature would need to be at least four times the background to account for the discrepancy, and
this is beyond that predicted by codes.
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The behaviour in Scenario 3 does not seem to conform to the same pattern, possibly indicating that
there are further dependencies not captured by this analysis.
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Figure 6.16.: Plots showing Mach numbers in the parallel and perpendicular to Magnetic field directions
in two different radii in scenario 1 discharges at equivalent times. The Mach numbers have
been calculated using the mean, mode and decile ion-saturation currents recorded on the
Gundestrup probe pins, applying both the magnetised (green) and un-magnetised (red)
interpretations.
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Figure 6.17.: Ratio of parallel Mach number calculated from the 9th decile and the mean of the ion-
saturation current distribution, to the parallel Mach number calculated from the mode of
the ion-saturation current distribution.
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6.4. Summary
In section 1 and 2, the basic features of the MAST Ohmic L-mode SOL and the interaction between a
probe and filaments at the outboard mid-plane were reviewed. An improved method of calculating PDFs,
and a numerical non-parametric method for assessing the uncertainty of statistical measurements were
applied to measurements of the ion-saturation current drawn by the Gundestrup probe.
In section 2, these methods were used to build upon previous work characterising the intermittent
nature of the MAST SOL in three different scenarios developed to scan a poloidal field/temperature
parameter space. The results of this suggest a possible alternative parametric dependency of skew and
kurtosis than that identified in previous work. A relationship between the mode and tail of the distribu-
tion, and the ambient and filamentary was proposed; supported with experimental measurements. These
relationships were used to resolve independent measurements of the ambient plasma and the filaments,
and improve conditional averaging techniques.
In section 3 the methods employed in section 2 were extended to demonstrate a method for resolving
flow measurements of background and filamentary plasma independently using probes with pin spacing
greater than the filament correlation lengths, showing that in the far SOL, flow in the filaments appears to
be lower than that in the background, and the same in the SOL. Flow calculated using the time-averaged
ion-saturation current was shown to more closely resemble that in the filaments, suggesting a possible
systematic error when using time averaged signals from Mach probes on a scale length larger than the
filaments.
In the next chapter the flow scaling with poloidal field and temperature will be investigated using the
methods developed in this chapter to measure the flow in the MAST SOL at the outboard mid-plane
using the Gundestrup Probe.
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7. Results: Flow Measurements
We now return to the investigation of SOL flow at the MAST outboard mid-plane. In chapter 3 it was
reported that the dominant mechanisms driving parallel flow in the MAST outboard SOL are identified
in B2SOLPS5.0 simulations as being the concentration of particle flux into the SOL at the outboard
mid-plane and classical particle drifts; in particular the Pfirsch-Shlu¨ter return flow and the parallel flow
compensating for the cross-field component of the E×B drift. The simulations also showed that a
simplified analytical approximation (see eq. 3.20) gives good agreement with the numerical calculation
of more complex expressions for the drift terms in B2SOLPS5.0. On the basis of the main drive being
the drift terms and the success of this simplified model expression, the parametric dependence of the
parallel flow are therefore predicted to scale proportionately to the plasma temperature and inversely
proportional to the poloidal field, see eq. 3.21.
Chapter 5 reviewed an experiment designed to investigate the parametric dependencies and scaling of
flow with poloidal field and temperature at the outboard mid-plane of MAST Ohmic L-mode discharges.
The parallel flow was assumed to be largely independent of density, so density was used to compensate
for changes in Ohmic heating and thus control plasma temperature. Three scenarios were developed to
explore the parameter space: Scenario 1 is a low temperature discharge with high poloidal field strength,
Scenario 4 is a high temperature discharge with high poloidal field strength, and Scenario 3 is a low
temperature discharge with low poloidal field strength. These MAST scenarios have been modelled using
B2SOLPS5.0 by Rozhansky and Molchanov[38], allowing a comparison of the modelled results with the
experimental measurements taken in the course of this investigation.
In chapter 6 the intermittent nature of the MAST L-mode SOL was discussed and further investigation
carried out. Of particular importance, the impact of convected filamentary structures on probe measure-
ments was considered. In the case of measurements involving several probe tips separated by distances
comparable to the cross-field scale lengths of the filaments, such as the MAST Gundestrup probe, the
assumptions required for probe analysis (see chapter 4) are no longer satisfied and further analysis of the
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raw data is needed. A method was developed of resolving the plasma parameters of the background and
filamentary plasma from the probe, thus recovering flow measurements in both the background plasma
and the filaments separately.
This chapter will apply these methods to determine the parallel and perpendicular flow at the MAST
outboard mid-plane, and investigate its parametric dependencies and scaling. Section 1 describes the
methods used to obtain the flow from the raw probe data, showing an example of the fitting methods,
and a discussion of the sources of error. Section 2 briefly describes the B2SOLPS5.0 simulations of MAST
performed by Vladimir Rozhansky et al. Section 3 presents the radial profiles of flow measured in MAST
and compares them to both the radial profiles generated by B2SOLPS5.0 simulations of MAST discharges
and the analytical approximation. Section 4 compares the scaling of the B2SOLPS5.0 results and the
experimental measurements against a model suggested by the simple analytical expression for the return
flows.
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7.1. Overview of Experimental Results
The following results have been obtained building on the methods of probe analysis developed in chapter
6. Ion-saturation current data was taken for analysis in each discharge of a given scenario, with the probe
reciprocated into the plasma during the plasma current flat-top while the plasma radius was stable, as
described in chapter 5 and shown in figures 5.5, 5.7 and 5.9.
7.1.1. Probe Data
The time series obtained on each pin of the Gundestrup probe were split into 5ms segments, staggered at
2.5ms intervals to capture the evolution of the flow throughout the discharge. Where the bias applied to
the pin was observed to drop by more than 5% — indicative of the saturation of the power supply and
the probe no longer being in ion-saturation current mode — the corresponding current measurements
were discarded. Fig. 7.1 (a) shows the typical 5ms segment of the time series of ion-saturation current
drawn from each of the pins during a discharge.
In chapter 4, section 4.3, it was shown that the ratio of ion-saturation current drawn from opposite
pairs of collection surfaces at various angles to the magnetic field line could be used to determine the
parallel and perpendicular Mach numbers. The coloured points in fig. 7.1 (b) shows the time series data
on a polar plot with the same orientation as the schematic in fig. (c).
The wide range of ion-saturation currents recorded on a given pin are due to the intermittent, coherent
filamentary structures discussed in the previous chapter and their interaction with the probe. In section
6.3 of that chapter it was shown — with reference to a simple Mach probe interpretation of the data
from pins 2 and 6 of the Gundestrup probe (see fig. 6.14) — how the difference in ion-saturation current
times series recorded by the two pins at any given time was due to local perpendicular gradients in
density and temperature within the filaments on the scale of the pin separation, and the filaments radial
and toroidal motion. On the other hand the interpretations for Mach and Gundestrup probe analysis
presented in chapter 4 both assume that any difference in ion-saturation current is due to differing sheath
edge densities generated by different potential drops across the presheath — from a common density and
potential in the bulk plasma — in order to accelerate the ions to meet the Bohm-Chodura criterion.
However, it was argued that while the time series data was not sufficiently well correlated to satisfy the
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requirements of the theory underpinning the interpretation the overall distribution of the ion-saturation
current data should be comparable, with the variation in the PDF of ion-saturation current between
probes generated in the manner suggested by theory. The statistical analysis used in chapter 6 and
described in section 6.1.1 (the bootstrap method and adaptive kernel density estimator) was applied
to the data from each 5ms segment, and the estimates and uncertainty of three statistics were calcu-
lated from the distribution: the MISC — the most probable ion-saturation current to be drawn from
the distribution— the mean, and the 9th decile (see section 6.2.2 and eq. 6.4). The MISC is the best
estimate for the ion-saturation current drawn only from the ambient plasma, whereas the 9th decile is
assumed to be well correlated with the peak density and temperatures found in the larger filamentary
structures. The mean was shown in section 6.3 to be heavily influenced by the tail of the distribution (i.e.
the filaments) and it was argued that it is not a good measure of the ion-saturation current associated
with either the ambient or filamentary plasma. It is included here as probe data in other experiments
measuring flow have typically been time averaged in some way, and thus these results may be compared
to these more traditional approaches. These three statistics have been plotted in fig. 7.1.
Thus it is argued that the flow calculated from the MISC and 9th decile ion-saturation currents using
the interpretations in chapter 4 represent the flow in the ambient and filamentary plasma respectively,
while the flow calculated using the mean is compatible with other experiments where time averaging or
smoothing has been applied to the raw probe data prior to calculating flow.
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Figure 7.1.: (a) Polar plot of raw data and estimated mean, MISC and 9th decile calculated from raw
data. (b) Schematic showing orientation of probe with respect to magnetic field. (c) Typical
5ms time series from which data is sampled to estimate mean, MISC and 9th decile.
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7.1.2. Calculating Flow From the Mean, MISC and 9th Deciles
In chapter 4 two interpretations for Mach probe data were discussed. The key issue determining which
Mach probe interpretation to apply is the ratio of the ion gyroradius to the probe dimensions, with
equation 4.34 used when of rp >> ρ
∗ (magnetised) and 4.35 used when of rp < ρ
∗ (unmagnetised).
The ion-temperature is not measured experimentally but applying the assumptions in section 5.3.3, the
ratio should approach 1 or greater. The ion-temperature (see fig. 7.4) calculated in the B2SOLPS5.0
simulations of the experimental discharges indicates a larger ratio on the order of 1 to 2, so the condition
rp >> ρ
∗ is still not met. As a result the flow has been calculated using both interpretations.
Eq. 4.34 and eq. 4.34 give the ratio of the upstream and downstream ion-saturation currents as a
function of parallel Mach number, perpendicular Mach number and the angle of the probe surface to the
field line. These are fitted to the experimental data using a Levenberg-Marquardt algorithm (MPFIT)
to perform a least-squares fit for parallel and perpendicular Mach number. Fig 7.2 shows an example of
both the magnetised and unmagnetised fit for two 5ms segments from scenario 1 discharges at different
radii. The polar plot shows the mean, MISC and 9th decile ion-saturation currents calculated using the
method described previously, in the orientation shown in fig. 7.1. The angle of the probe is determined
using the pitch angle of the magnetic field at the probe reported by EFIT reconstruction of the discharge.
Though the fits are performed using the ratio of opposite probes, the ion-saturation current as a function
of angle predicted by the magnetised and unmagnetised interpretations using the values of M‖ and M⊥
found by the fitting routine have also been plotted. The directions of positive parallel and perpendicular
flow are shown by the arrows. Table 7.1.2 shows the parameters and the Mach numbers obtained by the fit.
Table 7.1.: Table showing flow values and parameters for example fits.
Magnetised Unmagnetised
Statistic M‖ σ‖ M⊥ σ⊥ M‖ σ‖ M⊥ σ⊥
Discharge 16290, 0.220 < t[s] < 0.225, θ = 26◦, r = 0.2 cm
Mean -0.20 0.04 -0.11 0.03 -0.33 0.08 -0.36 0.07
MISC -0.19 0.04 -0.12 0.02 -0.35 0.07 -0.25 0.04
9th Decile -0.19 0.04 -0.11 0.03 -0.33 0.08 -0.40 0.07
Discharge 16293, 0.2125 < t[s] < 0.2175, θ = 25◦, r = 3.6 cm
Mean -0.10 0.03 -0.07 0.02 -0.18 0.03 -0.24 0.03
MISC -0.22 0.03 -0.09 0.01 -0.42 0.12 -0.43 0.04
9th Decile -0.06 0.02 -0.07 0.01 -0.10 0.03 -0.21 0.03
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Figure 7.2.: For plots showing the magnetised and unmagnetised fits to the mean (blue), MISC (green)
and 9th decile (red) ion-saturation currents. The data is shown in solid lines, the fit as dashed
lines. The magnitude of the Ion-saturation current is in arbitrary units.
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Magnetised interpretation vs. Unmagnetised interpretation
Based on 1D fluid equations derived by Hutchinson and Van Goubergen et al. (see Chapter 4), the
expression for R, the ratio of the upstream to downstream ion-saturation currents is given by
R = exp
(
c (M∞)
(
M‖ − (M⊥ cot θ)
))
, (7.1)
with
c = 2
(
1 + 0.14 cosh
(
M‖
0.862
))
, (7.2)
and θ the angle of the probe surface to the field line. The equivalent expression for ion-saturation current
is:
Is = Is0 exp
(
c
(
M‖
) (
±M‖ ∓M⊥ cot θ
)
− 1.05
)
sin θ, (7.3)
with
c = 1 + (0.14 exp
(±M‖
0.862
)
, (7.4)
and Is0 given by the density at the magnetic-presheath edge and the sound speed. This is the ion-
saturation current that would be drawn by a spherical probe immersed in the bulk plasma. As discussed
in chapter 5, section 5.3.3, the absence of triple probe data means no good measure of this is available.
The absence of this measurement is not an issue for obtaining the parallel and perpendicular Mach num-
bers as this value cancels out when the ratio of opposite probes are taken. In order that the more intuitive
ion-saturation — rather than ratio of ion-saturation currents — can be plotted, the value of Is0 has been
obtained from a fit of the function for ion-saturation current shown above to those obtained from the
experiment using the Mach values obtained from the ratios of ion-saturation current and the pitch angle
using the expression for R.
The fits have been performed, using the equation for R above, for each of the three statistics calculated
from the raw data from opposite pins in the 5ms segments. The results from discharge 16290 are taken
close to the LCFS and show relatively good agreement with the model for the mean, MISC and 9th decile
ion-saturation currents, with the polar plot showing the characteristic shape expected. The fluid model
breaks down at the cusps, where the magnetic field lies tangent to the collection surfaces. The orientation
of the probe has been chosen such that these regions are largely avoided. The arrows show the direction
positive parallel flow towards the lower divertor, and positive perpendicular flow towards the upper di-
vertor. The values for M‖ and M⊥ obtained (see table 7.1.2) are negative, indicating a cross-field flow
towards the lower divertor and a parallel flow to the upper divertor. As previously discussed in chapter
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6, section 6.3, the flow is approximately constant irrespective of the statistic chosen, indicating that the
drift velocity in the filaments and ambient plasma at this point are the same.
The results from discharge 16293 are at an approximately equivalent point in the discharge, but at a
much greater radius from the LCFS. The polar plot of the experimental ion-saturation current value is
less obviously that given by the magnetised equation, though not inconsistent with it. The flow direction
remain unchanged but the magnitude is slightly larger for the ambient plasma than that in 16293, while
the filamentary plasma is substantially lower, as seen in chapter 6.
The unmagnetised interpretation equation obtained by Hutchinson and Shikama et al. 4.35 was used
with k = ku + kd = 1.34 and ∆θ =
pi
2 as the collection broadening angle for a flush mounted probe.
However, this was found to give flows that exceeded the sound speed by up to 50% close to the LCFS.
Though supersonic flows may be possible in the SOL, they are not commonly observed. On the other
hand the error associated with the collection broadening is known to increase at high Mach numbers
and large collection angles. As the collection broadening term has been verified only in linear devices
with Ti < Te the collection broadening term in ∆θ was dropped for the analysis of presented here. The
expression used is as follows:
R = exp
(
(ku + kd)
(
M‖ cos θ −M⊥ cos
(
θ − pi
2
)))
, (7.5)
with θ the angle between the collection surface normal and the magnetic field, ku = 0.7 and kd = 0.64.
As with the magnetised formula, for clarity the ion-saturation current as a function of probe angle
Is = Is0 exp
(
M‖
2
((ku − kd) + (ku + kd) cos (θ))− M⊥
2
((ku − kd) + (ku + kd) cos (θ − pi/2))
)
, (7.6)
has been plotted using a fit to the experimental data in order to obtain Is0 from the probe angle to the
magnetic field obtained from ESEL, and the Mach numbers obtained from the fit of the expression for
R to the experimental data. Note that though the ion gyroradius is larger than the probe dimensions,
and unmagnetised probe theory is applied, the probe surfaces still have an angle with respect to that
field so the cos θ variation in the cross section of the probe with respect to the field has been retained.
Without this term the cusp features are not apparent in the ion-saturation current, and the shape of
the theoretical angular plot of ion-saturation current for a given pitch angle, parallel and perpendicular
Mach numbers is an off-centred ovoid. This term has no bearing on the fit to R and calculation of M‖
and M⊥ as it is identical on opposite pairs and therefore cancels in the expression for R, but produces a
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better match for Is to the recorded ion-saturation currents.
The shape is similar to the magnetised expression, with cusps where the field lies tangent to the
collection surfaces with similar goodness of fit. In both cases the direction of the flow is as before, and
the breakdown of the flow into that of the filamentary and ambient plasma gives similar proportions to
each other as with the magnetised interpretation. However the unmagnetised theory implies substantially
higher Mach numbers, see table 7.1.2. Neither interpretation appears to be decisively better than the
other and, in the absence of experimental measurements of ion-temperature or ion gyroradius, we will
continue to apply both interpretations.
Systematic and random errors
We must now consider sources of error. Potential sources of error in the raw signal itself can come from
the measurement of the current and digitisation of the signal. The calibration of the electronics used to
measure the current generally show good agreement, with the difference in gains on the current followers
of the 8787 board found to be less than 1% during calibration. The digitization step is far smaller than
this. Thus the record of the ion-saturation current time series itself is assumed to have a random error
of less than 1%. The analogue outputs have slightly different offsets which may introduce systematic
error, but these are removed by zeroing the averaged digitised time series recorded for 1ms, prior to the
beginning of each discharge.
The ion-saturation current has implicitly been taken to be proportional to the flux of ions across the
sheath edge, and the probe areas are assumed to be equal. The machining tolerances on the collection
surface dimensions are 0.1 mm, corresponding to errors of up to 5% on area and thus the inferred particle
flux to the probe. As graphite chemically erodes, the error in the probe area may be somewhat larger,
though visual inspection did not show significant erosion at the end of the experiment.
The Mach values themselves are obtained from a fit to the ratio of ion-saturation current drawn from
opposite pins as a function of angle between the probe and the field line. The ion-saturation current used
are estimators for statistics calculated from an estimates of the PDF of ion-saturation current using data
sampled from the true, unknown distribution. The RMSE of these were estimated using non-parametric
methods discussed at length in section 6.1.1 of chapter 6. Typically these are found to be on the order
of a few percent, though it was noted these could be artificially low due to sub-optimal smoothing when
constructing the probability distribution imposed by the particular implementation of this method.
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The angle of the probe surface to the field is a fixed parameter in the fit, and is obtained from the
orientation of the probe and the pitch angle of the magnetic field according to EFIT magnetic recon-
struction of the shot. The orientation of the probe is known from a calibrated collar on the probe shaft,
accurate to half a degree. However the probe shaft my twist, bend and vibrate during reciprocation. The
angle of the field line calculated by EFIT does not have an associated uncertainty; however the mapping
of field lines to filamentary structures in camera images has been used to track the motion of L-mode,
ELM and inter-ELM filaments ([66, 67]), suggesting a reasonable accuracy.
The possibility exists of a systematic error in EFIT, as was touched upon in the discussion of flux
mapping of the divertor targets to the outboard mid-plane in chapter 5. The sensitivity of the two
interpretations to misalignment must be considered. In ref. [92], the sensitivity of the magnetised
interpretation to miss-alignment of the probe was considered by substituting the true θ with θ + ∆θ in
the expression for R. Assuming the misalignment, ∆θ, is small it was shown that the perpendicular Mach
umber is unaffected. The inferred, “misaligned” parallel Mach number is related to the true parallel Mach
number by
M∆θ‖ ≈M‖ −M⊥∆θ. (7.7)
Thus the parallel Mach number is sensitive to misalignment with increasing perpendicular flow. Repeating
this approach for the unmagnetised interpretation, which is symmetric for both parallel and perpendicular
flow, one finds that both the parallel and perpendicular Mach numbers are affected such that
M∆θ‖,⊥ ≈
M‖,⊥
1−∆θ tan θ . (7.8)
Any systematic error in alignment is expected to be substantially less than five degrees, and may be less
than 1 degree. Figure 7.3 shows plots of the systematic error due to misalignment. The systematic error
in Mach numbers, expressed as the fraction M
∆θ−M
M where the superscript ∆θ denotes the value obtained
from a fit where the probe angles used in the fit have been shifted by ∆θ from the true values. The first
column shows the error in parallel Mach number — using the magnetised interpretation — as a function
of true perpendicular Mach number and ∆θ for different cases of true parallel Mach number. Unless the
perpendicular Mach number is much larger than the parallel Mach number the error is typically less than
5%. The error in perpendicular Mach number is sensitive only to the angle of misalignment, and less
than 10% when |∆θ| is less than 2◦. The unmagnetised case is symmetric for parallel and perpendicular
Mach numbers, and shows similar qualitative behaviour but slightly greater sensitivity to misalignment.
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Overall the systematic error due to misalignment would appear to be less than 5% unless the Mach
number is very low.
The fitting function is provided with the estimated uncertainty of the ion-saturation current statistics,
and returns the formal 1-sigma errors scaled by the degrees of freedom in the expression and summed
squared residuals of the fit (i.e. it is assumed that the fitted function is the correct form). These
are typically on the order of 10% or more and represent the dominant error, arising from the ratio
of the probe dimensions to ion gyroradius falling somewhere between the two extremes required by
either interpretation. Thus the greatest source of error in the Mach numbers is likely to arise from the
inadequacy of the magnetised and unmagnetised models for upstream/downsream ratio of ion-saturation
currents as a function of θ for the MAST Gundestrup probe in the experimental conditions.
7.1.3. Parameter Data
As demonstrated in chapter 5, the average temperature profile is constant (within errors) throughout
the duration probe data was taken. Thus for each scenario all Thomson scattering measurements were
pooled to generate a radial profile of the temperature with respect to distance from the LCFS at the
outboard mid-plane for each scenario. The average temperature in the radial range covered by the probe
— excluding anomalously large measurements — is used to characterise the electron temperature local
to the probe during each 5ms segment (see fig. 7.4). The poloidal field strength at the average probe
radius is taken from the EFIT reconstruction of the discharge in a time slice during each 5ms segment.
The average and range of the probe radius during this period in both machine coordinate and relative to
LCFS were also recorded.
Thus a database of flow measurements at various radii, times, temperatures and poloidal field strength
was built up for each scenario. The parameter space in terms of electron temperature and poloidal field
local to the probe is shown in fig. 7.5. As can be seen a reasonable coverage has been attained.
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Figure 7.3.: Plots showing the variation in Mach number obtained from fits to R as a function of the angle
of misalignment ∆θ. Column 1 shows the fractional difference between fitted parallel Mach
number and true parallel Mach number as a function of angle of misalignment and perpen-
dicular Mach number using the magnetised interpretation. Column 2 shows the same for the
unmagnetised interpretation (note this is identical for both the parallel and perpendicular
case). The contours mark 5% intervals. The graph below shows the fractional difference of
the perpendicular Mach number as a function of angle of misalignment for the magnetised
theory, being purely a function of ∆θ.
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Figure 7.4.: Thomson Scattering temperature profiles at the outboard mid-plane, and ion and electron
temperatures produced by B2SOLPS5.0 simulations of the discharges.
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Figure 7.5.: Explored parameter space in electron temperature and poloidal magnetic field local to the
probe.
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7.2. Overview of Simulation
The three scenarios developed for the flow scaling experiments were simulated using B2SOLPS5.0, a
fuller description of these simulations and their results are presented in ref. [38], along with a prelimi-
nary analysis (Section 2 therein) of the probe data applying the Hutchinson Mach probe formula (See eq.
4.19) to two near field aligned, opposite pins. The B2SOLPS5.0 simulation grid is generated for a single
magnetic equilibrium reconstruction by EFIT and splined to a higher resolution. Simulation parameters
are shown in table 7.2.
Table 7.2.: Parameters used for B2SOLPS simulation: core values correspond to the inner boundary of
the simulation, here equivalent to 5cm inside the LCFS.
Parameter Scenario1 Scenario 3 Scenario 4
ne|core [×1018m−3] 13 6.3 5.6
te|core = ti|core[eV] 60 110 88
Ion and electron temperature profiles given by the B2SOLPS5.0 at the outboard mid-plane are com-
pared with the electron temperature profiles generated from the Thompson scattering system in fig. 7.4.
The electron temperature is in good agreement with the experimental measurements, except in the re-
gion inside the LCFS for scenario 1. In the absence of experimental ion temperature data the simulation
results for ion temperature are used in determining the pressure terms in the analytical expression for
the drift terms, and in combination with the experimental TS measurements of the electron tempera-
ture when determining the flow scaling. The high ion temperature seen in B2SOLPS5.0, if an accurate
representation of the true ion temperature, suggests that the ion gyroradii are larger than the typical
probe dimensions throughout the SOL, and that therefore the unmagnetised interpretation is more likely
to be appropriate, however the practice of presenting results calculated from both interpretations will be
continued.
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7.3. Radial Profiles of Mach Numbers
The full radial profiles of parallel and perpendicular Mach numbers measured by the probe using both the
magnetised (red) and unmagnetised (blue) interpretation of the raw data are shown in figures 7.6, 7.7 and
7.8 for each scenario respectively. The sign convention is such that the positive parallel direction is that
of the magnetic field at the outboard mid-plane (i.e. counter current and toward the lower divertor) while
the perpendicular direction is towards the upper divertor. Thus the negative values for both indicate a
flow in the co-current direction towards the upper divertor for the parallel case and towards the lower
divertor in the perpendicular case. The negative direction of the perpendicular flow is consistent with the
predominant direction of the ∇B and Er ×B drifts that are identified as being the driving mechanism
for the parallel flow towards the upper divertor.
Each point shows flow (parallel, perpendicular) calculated from the relevant measure of particle flux
to the probe — the mean (a,d), background (b,e) and filament (c,f) — during a 5ms section of the raw
time series. The y-error bars are the formal 1-sigma errors reported by the fitting routine, scaled by the
degrees of freedom and summed squared residuals of the fit (i.e. it is assumed that the fitted function is
of the correct form), while the error bars on radius show the range of the probe position during each 5ms
section. The solid and dashed line shows the radial Mach number at the outboard mid-plane generated by
the B2SOLPS5.0 simulation of that scenario and the analytical expression for the drift terms (eq. 3.20)
calculated with the B2SOLPS5.0 data, as ion pressure and temperature measurements of the MAST SOL
are not available.
In all cases the qualitative behaviour is similar for the magnetised and unmagnetised interpretation,
though the unmagnetised interpretation applied to the data implies higher Mach numbers than the mag-
netised. As noted in the previous section, the B2SOLPS5.0 data suggests the ion temperature is such
that the unmagnetised interpretation should be applied, though the supersonic value of flow in some
profiles are higher than might be expected. As previously noted, the Mach number calculated using the
mean ion-saturation current are very similar to that using the 9th decile, suggesting a possible systematic
error when using the time averaged ion-saturation current to calculate flow generally. While the calcu-
lation and results based on the mean have been retained here for the purposes of comparison with other
experimental investigations, the discussion here will focus on the results obtained using the MISC and
9th decile ion-saturation currents representing the background or ambient plasma, and the filamentary
plasma respectively.
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Plot 7.6 (b) and (e) shows the parallel and perpendicular flow in the background plasma. An important
feature to note are that larger error bars associated with the flow compared to the filamentary plasma,
in particular in the region close to and inside the LCFS. As noted in section 6.2 in the region of the
LCFS the distribution of ion-saturation currents is symmetric, and errors in determining the position
of the LCFS combined with the steep density gradients of the plasma can lead to multiple peaks in the
estimated probability distribution function large errors associated with the MISC, hence the increasingly
large errors in the calculated flow. Despite the large errors it can be seen that the peak magnitude of
the parallel flow occurs in the same place as in the simulation results (just outside the LCFS) and the
unmagnetised flow velocity is a reasonable match to that suggested by B2OSLPS5.0 and the simple an-
alytical model, both having both good qualitative and quantitative agreement with the profile observed.
The perpendicular flow is lower and follows a similar patter to the parallel flow.
Plot 7.6 (c) and (f) show the parallel and perpendicular flow calculated using the 9th decile, represent-
ing the flows associated with the filamentary plasma. The profile in this case is different from that of the
code, though this is unsurprising as B2SOLPS5.0 is a laminar code and does not include the physics of
the turbulent plasma structures. Notwithstanding this, the results are different from those anticipated.
Generally it would be expected that the filaments should convect plasma momentum outward, so the
strong flow of plasma around the SOL would be carried further out into the SOL, leading to a broader
peak. Instead there is a narrow region around the LCFS where the flow strongly peaks in both the parallel
and perpendicular directions, and then falls rapidly with increasing radius. Not only is the peak much
more dramatic than in the background plasma, it is shifted inwards from that predicted in B2SOLPS5.0.
Figure 7.7 shows the flow for scenario 3 which is of similar temperature to scenario 1 but lower poloidal
field strength. The characteristics of the Mach number profile are somewhat different to that of scenario
1 above. Instead of showing a peak the flow speed continues to rise sharply in the background case. The
parallel Mach number of the filamentary plasma does exhibit some peaking around the LCFS. In both
cases there is a very good match between the model expression and the parallel flow under unmagnetised
assumptions, though the monotonic increase in the flow magnitude is more reminiscent of the simple
analytical model than the flatter profile predicted by B2SOLPS5.0. The Mach numbers are larger than
their equivalents in the previous scenario in line with expectations for lower poloidal field at similar tem-
perature, see chapter 3. The perpendicular Mach number in the filamentary plasma has a pronounced
peak around the LCFS as in the previous case.
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Figure 7.8 shows the parallel flow for scenario 4, which is a high temperature discharge similar to
scenario 1 in poloidal field strength. The characteristics are similar to scenario 3 with a monotonic
increase in the magnitude of the Mach number, showing good agreement between the flow under unmag-
netised interpretation and the analytical model. The strong peak in flow in the filamentary plasma seen
in the other scenarios is not seen here as the data has not been collected sufficiently far beyond the LCFS.
7.3.1. Resultant Flow
By combining the parallel and perpendicular flows, the overall direction of plasma momentum can be cal-
culated. The poloidal components of the parallel and perpendicular flow largely cancel, while the toroidal
components add, so that the final velocity is largely in the toroidal co-current direction, as shown in fig.
7.9. Figure 7.10 shows the resultant radial profiles in terms of poloidal and toroidal flow. In the ambient
plasma, it can be seen that there is a strong toroidal rotation in the co-current direction throughout the
SOL that increases in towards the core. The poloidal flow is relatively weak, reaching its peak magnitude
around the LCFS, and may reverse direction in the core.
However, the filamentary plasma shows an interesting result: the poloidal flow is stronger in the
filamentary plasma (whereas the toroidal rotation flow tends to be lower) than in the background plasma;
and increases strongly close to the LCFS. This is consistent with the behaviour observed in preliminary
results from ESEL simulations shown in the next chapter, where a region of sheared poloidal flow is seen
close to the LCFS, generated by fluctuations associated with the filamentary structures.
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Figure 7.6.: Radial profiles of parallel and perpendicular Mach numbers calculated from the mean, MISC (background) and 9th decile ion-saturation
currents (filament) sampled by the Gundestrup probe in scenario 1 discharges, using magnetised and unmagnetised probe interpretations.
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Figure 7.7.: Radial profiles of parallel and perpendicular Mach numbers calculated from the mean, MISC (background) and 9th decile ion-saturation
currents (filament) sampled by the Gundestrup probe in scenario 3 discharges, using magnetised and unmagnetised probe interpretations.
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Figure 7.8.: Radial profiles of parallel and perpendicular Mach numbers calculated from the mean, MISC (background) and 9th decile ion-saturation
currents (filament) sampled by the Gundestrup probe in scenario 4 discharges, using magnetised and unmagnetised probe interpretations.
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Figure 7.9.: Parallel and perpendicular flow components add together to produce a flow that is predom-
inantly in the toroidal co-current direction, with a small poloidal component towards the
lower divertor.
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Figure 7.10.: Radial profiles of poloidal (outline triangles) and toroidal (solid triangles) Mach numbers calculated from the mean, MISC (background) and
9th decile (filament) ion-saturation currents in scenarios 1,3 and 4 using magnetised (red) and unmagnetised (blue) probe interpretations.
Positive values indicate co-current toroidal direction and upward poloidal direction, while negative values indicate the counter-current
toroidal direction and downward poloidal direction.
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7.4. Flow Scaling
In section 3.1.4 the primary mechanism driving parallel flow other than the poloidal asymmetry in radial
transport was identified as the classical particle drifts, in particular the flow compensating E×B and the
Pfirsch-Schlu¨ter flow. A simplified expression for Pfirsch-Schlu¨ter flow (Eq. 3.18) produces similar results
to the more detailed expression used in B2SOLPS5.0 simulations of MAST taking into account poloidal
pressure variation, thus allowing the SOL parallel flow at the outboard mid-plane to be approximated
by a simple model (Eq. 3.20). In the previous section the radial flow profile at the outboard mid-plane
predicted by B2SOLPS5.0 and the simplified model were compared with the experimental data, and the
model results appear to conform more closely to the experimental results. The scaling of the measured
flow with temperature and poloidal field will now be investigated and compared to that of the model.
Using the model expression, in the outboard mid-plane SOL the flow should scale as
v‖ ∝ A
T
Bθ
+ C, (7.9)
where T is the average of the ion and electron temperature in electron-volts and Bθ the poloidal field
in Tesla at the radius of the probe. A is a constant relating the flow to the drift terms, and C the flow
due to non-drift terms. This model assumes that non-drift mechanisms driving flow are independent of
density and poloidal field.
Fig. 7.13 shows a least-squares fit to the flow calculated by B2SOLPS5.0 simulations, excluding data
inside the LCFS. There is a clear linear relationship, the coefficients of which are shown in table 7.4. Figs.
7.11 (a) and 7.12 (a) show fits for the parallel velocity from the experiments using the magnetised and
unmagnetised assumptions respectively, with the B2SOLPS5.0 data overplotted for comparison. Here
the B2SOLPS5.0 ion temperature has been used to determine the sound speed to relate the experimental
Mach numbers to velocities, and in calculating the value of TBθ as no experimental ion temperature data
exists, while the electron temperature and poloidal field were derived from the TS system and EFIT as
described in section 7.1. Again, data inside the LCFS has been discarded and the fits have been per-
formed by scenario type in order to further highlight any other parametric dependencies that may vary
between scenarios. Because of the strong leveraging that parallel velocities with low errors has on the
fitted line, an alternative fit has thus also been applied minimising the mean absolute deviation between
the fitted result and the data. The coefficients are shown in table 7.4.
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A striking feature is the difference in the scaling between the background and filament plasmas. In the
background plasma, while in all cases scenarios 3 and 4 appear to closely share the same scaling, scenario
1 has a different coefficient for TBθ scaling, suggesting some other flow drive term that is not captured.
Broadly speaking in a given scenario TBθ is a function of radius; so other parameters driving flow that
vary between scenarios, and also with radius for a given scenario, but which have not been accounted for
will impact on the value of A. A fundamental assumption made in the experiments is the invariance with
respect to density. Both scenarios 3 and 4 have very similar densities while scenario 1 has a significantly
higher density by almost a factor of two (see section 5.2). Thus there may be a density scaling in effect,
which like Bθ and T would be a function of radius, thus affecting M‖ and accounting for the different
values of A between scenario 1 and scenarios 3 & 4.
In the filamentary case it is first important to note that the ion temperature used to relate the Mach
number to the plasma velocity is that given by B2SOLPS5.0, a laminar code, while the electron temper-
ature is time averaged and likely to be closer to the electron temperature of the ambient plasma. While
the temperature in the filaments is not known, the preliminary results from ESEL simulations shown in
chapter 8 suggest it may be reasonable to assume the amplitude of the filament ion temperature nor-
malised to the background may by approximately constant (see fig. 8.6), in which case the value of A will
be scaled by the appropriate factor (between 1.3 and 1.5 with reference to the ESEL data). The constant
indicating flow independent of poloidal field and temperature, C, appears to be significantly higher in
scenario 1 than scenario 3 & 4 an explanation for this may be a density related term driving parallel flow
in filaments. Note, as the filaments are thought to be born at a fixed radius, and are convected rapidly
outward, this density dependence may either be related to the density at that particular radius, or a
global density dependence, and thus not affect the value of A whilst affecting C .
The divergent terms in the perpendicular drifts give rise to the Pfirsch-Schlu¨ter and E × B return
flows. The perpendicular flow is a measure of both the divergent and the non-divergent components of
the drift terms, and any other mechanisms that drive perpendicular flow. It is anticipated however that
the drift terms should dominate the perpendicular flow and thus the perpendicular flow should scale in
a similar manner to the parallel flows. However the errors here are on the order of the range of the data,
and it is difficult to draw strong conclusions. In both the background and the filamentary plasma the
constant relating to the scaling with TBθ for perpendicular flow is lower than for the parallel flow, and
appears to be slightly stronger for scenario 4 discharges, suggesting a stronger scaling with temperature
for the perpendicular flow.
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Table 7.3.: Fitting results for B2SOLPS5.0 data.
A 1σ C 1σ
Scenario 1 0.06 5.0% -2.79 29.3%
Scenario 3 0.06 9.2% -1.07 104.7%
Scenario 4 0.06 4.5% -2.20 21.3%
The high degree of influence that the high tail of the distribution has on the mean ion-saturation current
indicates the importance of being able to distinguish between flow measurements in the background
plasma and the filaments in order to obtain a clear understanding of flow scaling in L-mode plasmas.
Figure 7.11.: Flow scaling with temperature and poloidal field measured local to the probe using the
mean, background and filament ion-saturation current. Plasma flow velocity is calculated
using the Mach number obtained experimentally using the magnetised interpretation and
the radial ion temperature profile given by B2SOLPS5.0 modelling of the discharge.
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Figure 7.12.: Flow scaling with temperature and poloidal field measured local to the probe using the
mean, background and filament ion-saturation current. Plasma flow velocity is calculated
using the Mach number obtained experimentally using the unmagnetised interpretation and
the radial ion temperature profile given by B2SOLPS5.0 modelling of the discharge.
Figure 7.13.: Flow scaling with temperature and poloidal field generated B2SOLPS5.0 simulations.
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Table 7.4.: Fitting parameters for experimental parallel flow.
Magnetised Unmagnetised
Least Squares Least Absolute Deviation Least Squares Least Absolute Deviation
a 1σ c 1σ a c Mean Abs. Deviation a 1σ c 1σ a c Mean Abs. Deviation
Mean
Scenario 1 0.06 7% -8.71 13% 0.07 -10.58 1.2 0.08 7% -9.33 16% 0.11 -18.22 1.2
Scenario 3 0.10 1% -10.13 3% 0.11 -11.57 1.3 0.15 3% -18.85 4% 0.19 -21.77 1.3
Scenario 4 0.10 8% -10.87 17% 0.13 -16.72 1.2 0.17 10% -19.03 20% 0.22 -29.85 1.2
Background
Scenario 1 0.03 8% 3.21 17.5% 0.05 -1.55 1.8 0.10 9% -9.13 28% 0.08 -2.63 1.8
Scenario 3 0.11 1% -13.83 1.5% 0.11 -14.20 1.6 0.17 2% -20.78 3% 0.18 -23.30 1.6
Scenario 4 0.08 7.8% -6.76 20% 0.09 -9.08 1.8 0.13 11% -10.47 30% 0.15 -13.51 1.8
Filament
Scenario 1 0.06 6% -9.90 10% 0.08 -17.04 1.8 0.03 9% 0.35 181% 0.14 -28.42 1.8
Scenario 3 0.10 1% -9.56 1.8% 0.11 -11.96 1.4 0.19 3% -24.36 3% 0.20 -23.33 1.4
Scenario 4 0.10 7% -11.32 15% 0.14 -19.71 1.5 0.16 9% -17.48 19% 0.26 -38.64 1.5
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Table 7.5.: Fitting parameters for experimental perpendicular flow
Magnetised Unmagnetised
Least Squares Least Absolute Deviation Least Squares Least Absolute Deviation
a 1σ c 1σ a c Mean Abs Deviation a 1σ c 1σ a c Mean Abs Deviation
Mean
Scenario 1 0.04 7% -7.16 10% 0.04 -7.58 0.83 0.10 5% -12.68 11% 0.14 -22.86 2.78
Scenario 3 0.02 3% -1.69 9% 0.03 -3.36 0.68 0.06 6% -2.29 28% 0.10 -9.29 2.20
Scenario 4 0.04 13% -4.66 24% 0.05 -6.80 0.67 0.15 9% -17.51 18% 0.23 -35.43 2.71
Background
Scenario 1 0.03 4% -1.21 27% 0.03 -1.55 1.19 0.08 8% -4.57 43% 0.07 -2.02 2.41
Scenario 3 0.04 1% -4.13 2% 0.04 -3.62 0.89 0.06 3% -2.85 12% 0.06 -3.97 2.35
Scenario 4 0.07 6% -8.25 10% 0.08 -11.39 1.41 0.10 10% -6.36 38% 0.13 -14.41 2.38
Filament
Scenario 1 0.04 6% -7.75 8% 0.05 -10.04 1.18 0.08 3% -8.35 8% 0.18 -37.00 4.18
Scenario 3 0.02 3% -1.58 6% 0.03 -2.92 0.84 0.05 9% -0.09 756% 0.10 -10.86 2.82
Scenario 4 0.04 12% -5.59 18% 0.05 -7.85 0.87 0.12 11% -13.16 22% 0.22 -35.76 3.47
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7.5. Summary
Parallel and perpendicular flows for the background and filamentary plasma were calculated for the raw
ion-saturation current time series, using a fit to the angular variation of statistics calculated from the
PDF constructed from 5ms segments throughout each discharge. The magnetised and unmagnetised in-
terpretations were applied to the data to obtain two sets of parallel and perpendicular flow measurements.
The radial profiles of these time series were plotted and compared to B2SOLPS5.0 simulations of the
discharges. The high ion temperature observed in this laminar code suggests that the ion gyroradius is
large and that the unmagnetised interpretation is more likely to be appropriate. The predominant par-
allel flow at the outboard mid-plane in forward operation is towards the upper divertor in the co-current
direction while the perpendicular flow is to the lower divertor, with the Mach numbers peaking around
the LCFS, with a high degree of flow shear around the LCFS in the filamentary plasma. The radial
profiles give reasonable agreement qualitatively and quantitatively to the B2SOLPS5.0 simulation and
a simple analytical expression for the Pfirsch-Schlu¨ter and E × B return flow. The resultant toroidal
and poloidal flows were calculated, and the predominant flow is found to be in the toroidal co-current
direction, approaching sonic speeds at the LCFS. The poloidal flow is seen to be marginally faster in the
filamentary plasma, while parallel flow is lower than in the ambient plasma.
The scaling of the flow with TBθ was investigated for each scenario. This parameter is largely a function
of radius. A linear scaling is found for the parallel flow in the ambient plasma, though the constant of
proportionality is different for scenario 1 compared to scenario 3 & 4, suggesting a further dependence
on a parameter that may also vary with radius, such as density. The parallel flow in the filamentary
also exhibits linear scaling with TBθ , with similar constants of proportionality for all three scenarios, but
a different offset for scenario 1 to the other two scenarios. The scaling for perpendicular flow appear to
scale linearly with TBθ , though in a manner different to the parallel flow that requires further investigation.
Further analysis of these results and conclusions will be discussed in the next chapter.
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8. Conclusions and Further Work
The research undertaken during the course of this work can be split into two main areas: the investiga-
tion into edge turbulence and intermittency in MAST Ohmic L-mode discharges, and the investigation
of SOL flow scaling at the MAST outboard mid-plane. The former was largely driven by a need to better
understand the L-mode SOL in order to correctly interpret Langmuir probe signals when the SOL is
dominated by large coherent structures that intermittently interact with the probe.
The main conclusions of this work can be summarised as follows:
• Intermittency on MAST does not scale with density, as previously suggested, but may scale with
poloidal field or temperature. Further experiments are required to investigate this.
• Assuming that the presence of a physical body does not perturb the filaments, the distribution of
ion-saturation currents in an intermittent signal recorded by a Langmuir probe may be resolved into
measurements of background and filamentary plasma parameters, with the peak of the distribution
— the mode — representing the ambient plasma and the tail, represented by the 9th decile of the
distribution, correlated to the filament plasma. The time averaged signal tends to be heavily influ-
enced by the plasma parameters of the filaments, so a possible systematic error may be introduced
into Mach probe measurements in the L-mode SOL if signals are time averaged.
• The parallel flow in the background plasma at the outboard mid-plane SOL of MAST Ohmic L-
mode discharges is towards the upper divertor, approaching sonic speeds close to the LCFS, falling
to around 0.2M in the far SOL. The flow magnitude scales as the inverse of the poloidal field and
proportionately to temperature, though there appears to be other parametric dependencies as the
constants of proportionality and offset vary with discharge.
• The parallel flow in the filamentary plasma at the outboard mid-plane SOL of MAST Ohmic L-
mode discharges is towards the upper divertor, on the order of 0.5 Mach close to the LCFS, falling to
around 0 in the far SOL. The Mach number is generally of a lower magnitude than in the filaments,
though without fast ion temperature it can not be determined if the velocity is lower than in the
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ambient plasma, or the sound speed greater than that in the ambient plasma. The flow magnitude
also scales as the inverse of the poloidal field and proportionately to temperature, and a possible
density dependent contribution is identified.
The first section will discuss the conclusions that can be drawn from the results presented in this thesis.
The second section gives a brief account of ongoing work relating to the investigation of filamentary
structures on MAST L-mode discharges using ESEL simulations and the filament probe. This work has
produced preliminary results but is not complete at time of writing; so they are included here as ongoing
work as some inferences drawn from these studies have been used to inform the main body of work
presented here. The final section identifies future areas of work and proposes methods to carry this work
forward.
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8.1. Conclusions
8.1.1. Intermittency
Much work has already been done on the subject of edge turbulence and intermittency, some of which was
discussed in chapter 3. The results presented in this thesis represent the preliminary analysis to inform
both the interpretation of probe data for the Gundestrup probe flow measurements, and a more rigorous
investigation of the structure and dynamics of individual filamentary structures using the Filament probe.
The results differ from those of experiments performed on other machines and MAST in two main
ways. Firstly, to the author’s knowledge the methods of data analysis employed here (see section 6.1.1)
have not been previously applied to these kinds of signals. Secondly, the data-set is large and includes a
parameter scan in plasma current, density, temperature and poloidal field.
Looking first at the results of the variation in the skew and kurtosis of the ion-saturation current distri-
bution with radius (see fig. 6.5), the change is markedly different between scenarios 1 & 3, and scenario
4. The main features of the plasma scenarios are discussed in section 5.2; scenarios 1 and 3 share similar
temperatures but differ in density and plasma current, while scenarios 1 and 4 share similar plasma
current yet exhibit different skew and kurtosis profiles. This would suggest a scaling with temperature.
In reference [70], it was concluded that skew and kurtosis of the ion-saturation current scaled with the
line average density normalised to the Greenwald density. As seen in figure 6.6, this does not seem to
account for the difference. A possible explanation for this discrepancy is the fact that all three discharges
analysis in ref. [70] were at a single plasma current (see fig. 1 therein) with no auxiliary heating, so
density variation would (as in this experiment presented here) involve temperature variation. Other than
this, the results presented here are broadly similar to that observed on other machines, though the skew
and kurtosis on MAST appear to be slightly larger than that reported on other machines. This may be
related to the higher magnetic curvature which could provide stronger convective drive for the filaments.
Based on an understanding of the processes at work in the L-mode SOL, in particular the intermittent
ejection coherent filamentary structures from the LCFS which are then radially convected outwards at
high speeds, the L-mode SOL can be considered to be composed of a near-SOL where diffusive mecha-
nisms play an important role in cross-field transport, seen in radial profiles of density and temperature
as a region on the order of 2cm with exponential decay of temperature and density and increasing skew
and peaking in the distribution of ion-saturation current. Beyond this region is the far-SOL consisting
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of cool plasma fuelled by filaments that have dispersed, with a flattened radial profile of density and
temperature and the skew and kurtosis of the distribution plateau.
Considering the PDF of ion-saturation current, the peak of the distribution of ion-saturation currents
drawn by a probe over a period of time — the mode — can be considered to represent the particle flux
to the probe from the ambient plasma. Based on this a different criterion for conditional averaging can
be applied using only the mode of the ion-saturation current distribution. The traditional criterion is
based on the mean and standard deviation of the ion- saturation current, which are heavily influenced
by the high tail of the distribution, so that the definition of what is considered filamentary plasma varies
with the amplitude, duration and frequency of ion-saturation current bursts recorded by the probes.
This criterion is based solely on the ambient plasma properties, and may represent a better criterion for
investigation of individual events using methods such as conditional averaging.
Using the modal ion-saturation current value (MISC) the properties of the ambient plasma may be
resolved from that of the intermittent bursts associated with the interaction of a filament with the probe.
It is further assumed that the properties of the filaments may be inferred by the value of the ninth decile
of the distribution (see section 6.3). If this is the case then these two statistics may be used to distinguish
between flow in the ambient plasma and flow in the filaments if the following is assumed:
1. The distribution of ion-saturation currents drawn by a Langmuir probe should be the same in
absence of any perturbatory effect of the probe body on the plasma.
2. The sheath formation time is much shorter than the interaction time with the filament.
3. The Mach probe analysis described in section 4.3 is applicable.
In addition it was found that the flow calculated using the mean of the ion-saturation current distribu-
tion — equivalent to smoothing the signal or binning — is heavily influenced by the tail of the distribution
and may therefore represent a systematic error in flow measurements using traditional methods for data
handling, such as smoothing or binning with time. If the nature of edge turbulence — such as speed
of propagation of filaments, or the rate of filament ejection from the LCFS — varies with factors under
investigation in flow studies it seems likely that these will influence Mach probe measurements and thus
an incorrect parametric dependence for SOL flow will be inferred.
The methods developed were applied to the flow study, the conclusions of which are discussed in the
next section.
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8.1.2. Flow Studies
The radial profiles presented in figs. 7.6, 7.7 and 7.8 show SOL parallel flow at the outboard mid-plane in
forward operation MAST Ohmic discharges is consistently towards the upper divertor, and perpendicular
flow is towards the lower divertor. This is consistent with the expected results, with the divergent com-
ponents of the perpendicular drifts in the ion ∇B direction to the lower divertor giving rise to parallel
return flows towards the upper divertor. Fig 7.9 shows the resultant flow in terms of toroidal rotation in
the SOL and poloidal flow. The resultant flow is such that the poloidal components of the parallel and
perpendicular flows largely cancel, while the toroidal components add. Poloidal flow is small and towards
the lower divertor, while the SOL rotates rapidly in the co-current toroidal direction, approaching sonic
speeds at the LCFS.
Parallel Mach numbers associated with the filaments close to the LCFS are of the same order of the
background, but appear to fall off faster with radius. It was expected that parallel velocity would be
higher as plasma momentum is convected by the filament from regions of high plasma drift velocity into
the far SOL where parallel velocity is lower than the region around the separatrix. It is possible that the
flow velocity is indeed higher but produces lower Mach numbers due to higher ion temperatures in the
filaments giving a faster sound speed than in the ambient plasma. An ion temperature at least four times
greater than that in the ambient plasma is required to equalise the velocity give the disparity in Mach
numbers. However, preliminary results from ESEL simulations presented in the next section suggest the
ion temperature in the plasma filaments to be lower than this threshold.
An interesting feature is the strong shear in the profiles of flow in the filamentary plasma around the
LCFS in the two scenarios where data was taken a reasonable distance beyond the LCFS. This feature
appears in both the parallel and perpendicular directions, but is more pronounced in the perpendicular
flow. As noted above the parallel flow is about the same in the background and ambient plasma at
the LCFS, but appears to fall of faster with radius in the filamentary plasma than in the background
plasma. It may be this behaviour that accounts for the higher gradient in the filamentary plasmas
parallel flow close to the LCFS. In contrast the perpendicular flow is higher in the filamentary plasma
than the ambient plasma, and this shear feature is more pronounced. The feature is heavily attenuated
in the poloidal/toroidal flow profiles, and thus it may be linked to the motion of the filaments themselves.
No flow study has been undertaken in a spherical Tokamak, and MAST Ohmic discharges are often
colder and use of DND make it difficult to make direct comparison between studies on other devices.
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Nevertheless, the radial profiles of flow are similar to those observed on other tokamaks at equivalent po-
sitions (see fig. 3.2 and fig. 3.3), with the directions of flow consistently towards the inner/upper divertor
at the outboard mid-plane in all cases. Using the profiles calculated with the mean ion-saturation current
the Mach numbers observed in MAST are somewhat higher than those observed in other tokamaks and
the gradients appear steeper.
Flow Scaling
Flow was predicted to scale according to
v‖ ∝ A
T
Bθ
+ C. (8.1)
The various results presented in chapter 7 how the flow calculated from the data using a range of different
assumptions. However with similar qualitative behaviour observed in all cases a flow scaling with poloidal
field and temperature of this form can be established. While further analysis — including interpretative
modelling and future analysis of repeat discharges — is necessary to narrow the results presented in
chapter 7, the particular focus here is on the results unmagnetised interpretation due to the high ion
temperature predicted by B2SOLPS5.0 simulations used in the calculation of the sound speed. It is worth
re-iterating that B2SOLPS5.0 is a laminar code, and the L-mode SOL has been shown to be turbulent
rather than laminar. On this basis one would expect the simulation to most accurately conform to the
experimental measurements of the ambient plasma.
While B2SOLPS5.0 results suggest a value for A in eq. 8.1 of 0.06, the experimental measures of flow in
the ambient plasma appears to be up to twice as large, suggesting a stronger than expected dependence
than in the B2SOLPS5.0 model. The constant of proportionality, A, for scenarios 3 & 4 appear compa-
rable in the range the data was taken, though scenario 1 is clearly different. The model assumes that
the temperature and poloidal field dependency arises solely through the drifts, and thus the temperature
and poloidal field can be combined into a single parameter, TBθ , which is itself a function of radius. This
need not be the case, the drift independent drive mechanisms for parallel flow may also be temperature
and poloidal field dependent, and need not share a constant of proportionality to each other as they
do in the model being tested. Furthermore, other parameters that also vary with radius that have not
been accounted for will affect the constant of proportionality; scenarios 3 & 4 have comparable densities,
so the lower constant of proportionality for scenario 1 may represent the effect of higher density at a
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given radius on the flow velocity. Though density was predicted to have little impact on flow velocity in
B2SOLPS5.0, it may be that the mechanism by which the density affects flow is not accurately captured
in a laminar code.
Extrapolating to the cold case where T goes to zero and the only flow drive terms arise from non-drift
related terms, such as the poloidal distribution of the particle source, one can infer the component of
flow velocity independent of TBθ (ignoring co-linearity) from the value of C. If the scaling with
T
Bθ
re-
mains linear down to the cold case, this represents a drift independent flow towards the lower divertor of
approximately 10kms−1 for scenarios 1 and 4, and 20kms−1 for scenario 3. The fits have been performed
using the magnitude of the flow and poloidal field, so the sign of fitted C shown in the tables in chapter
7 is not consistent with the definition used for flow direction. While this does not seem to agree with
the results of flow studies in reversed field experiments on other machines — which typically see the
non-drift drive mechanisms as dominated by radial transport into the SOL concentrated at the outboard
mid-plane leading to a flow directed from the outer (lower) to the inner (upper) divertor — the mea-
surements in this study are taken at the outboard mid-plane in DND geometry. The connection length
is approximately the same to the upper and the lower targets from this direction and thus it would be
expected that the location corresponds to the stagnation point for ballooning drive terms. It therefore
remains unclear as to whether it is safe to draw strong conclusions from the value of C. However, if the
values of C are taken to be indicative, from this one can infer that scenario 3 discharges appear to have
stronger drift independent parallel flow in the ambient plasma. A possible mechanism might be the lower
plasma current and hence lower poloidal field strength at the LCFS reducing particle confinement and
leading to an increase in the particle flux from the core into the SOL producing a constant increase in
flow velocities in scenario 3 discharges in addition to the drift effects.
While B2SOLPS5.0 is a laminar code and not expected to accurately represent the physics of the fila-
mentary structure, the filamentary data was also fitted to the model and found to provide a reasonable
match. The least absolute deviation fit is used for scenario 1 as the fit for least chi-squared seems overly
influenced by a cluster of points with anomalously low inferred errors. The constant of proportionality
is found to be higher than for the ambient plasma, suggesting an even stronger scaling with TBθ , though
there is no clear theoretical basis for that model — parallel return flows — is applicable to describe the
parallel flow in filamentary structures.
The constant of proportionality is about the same for all three discharges, but scenario 1 has a different
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offset, indicative of a stronger flow independent of TBθ in the filaments for scenario 1 discharges. Again,
the obvious candidate is some density dependence, though the mechanism is not simply related to density
of the filament local to the probe as this would be a function of radius and co-linear with TBθ , but may
relate to the plasma density at the origin of the filaments which would not be co-linear with TBθ in a given
scenario.
The perpendicular flows were also compared with the model. A linear relation is apparent, but the
error bars are on the order of the range and it is difficult to draw further conclusions.
From these results, one can conclude that the parallel flow in the ambient plasma does scale with TBθ ,
which is consistent with the drift mechanism model and B2SOLPS5.0 simulations. However, the flow
appears to be somewhat faster than predicted, and while the simulation predicts minimal scaling with
density, there is evidence of further parametric dependencies, either in T , Bθ or another parameter which
varies with radius, for which density may be a candidate. There is some evidence to suggest that the
drift independent term may scale with the plasma current, accounting for the differing offset in scenario
3 type discharges.
The flow in the plasma filaments seems to have a linear relationship with TBθ , and evidence of a
dependency on global density of the discharge.
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8.2. Ongoing and Future Investigations into Filament Properties
The investigation into the properties of the filaments conducted in chapter 6 used data from the Gun-
destrup probe side pins, which imposed limitations on what could be investigated. The bandwidth of
the amplifiers used to measure the current through the circuit (8787 types, see section 4.4 for details)
is lower and the response to transients slower than the older 8763 units used to drive the triple probe;
the 3dB bandwidth of the 8787 units is 200 KHz, with rise and fall times of 5µs. This is an appreciable
fraction of the recorded duration of the interaction between probe and filament. The techniques devel-
oped for filament investigation with the Gundestrup probe also suffer from limitations imposed by the
probe geometry. Although the Gundestrup probe contains a forward facing triple probe, the small pin
dimensions and large pin separation in the presence of steep cross-field gradients renders measurement of
density, potential and temperature unfeasible. The only physical quantity that can be directly measured
in the Gundestrup probe experiments is the ion flux across the sheath edge to the probe surface. Fur-
thermore, as the pins are flush mounted they do not give a correct time-series estimate for density as the
body of the probe excludes particle flux from some angles; indeed, this is the mechanism by which the
Gundestrup probe measures flow speed. The pins themselves are widely separated with respect to the
filament cross-field scale lengths, and this complicates taking multiple measurements of a single filament
— for example when seeking to measure the velocity of the probe — due to the movement and evolution
of the filament in the time taken to move across both probes.
The filament probes were designed in order to improve the measurements that can be made of in-
dividual filaments, and move to a better understanding of their dynamics and properties (see section
4.4.3). By using multiple, closely spaced probe pins the density, temperature and potential profiles of the
filament can be measured simultaneously. Two probes were designed: one with a flat head and one with
a radial slant. With these probes it should be possible to get independent measurements of the filaments
structure and velocity, as well as the profile of the density and temperature profile of the filament in the
cross-field and/or radial direction.
To provide a comparison for experimental measurements of filaments and inform the interpretation of
the measurements made, ESEL, a 2D turbulence code, was run using MAST parameters.
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8.2.1. Preliminary use of Filament Probe
The Filament probes are designed to support many configurations of probe, described in detail in section
4.4.3. As the triple probe on the Gundestrup probe head failed to perform as intended — meaning that
there was no probe based measurement of the bulk electron density and temperature for characterising
the SOL — the flat headed probe was chosen for use in the repeat discharges. While the radially slanted
filament probe head would potentially provide better measurements of the filament structure and dy-
namics, the pins are shadowed by the body of the probe which would introduce a systematic error into
temperature and density measurements when characterising the SOL.
The configuration shown in figure 8.1 was selected for use in the parameter scan, both to take mea-
surements of the filamentary structures and to obtain density and temperature radial profiles at the
outboard mid-plane to characterise the SOL for the investigations into SOL flow scaling. As this involves
reciprocation to the separatrix, the mask fitting was attached to reduce the plasma facing extent of the
probe tips from 8mm to 3mm in order to prevent saturation of the power supplies. The orientation is as
shown, with the grid aligned with poloidal columns and toroidal rows, thus reducing the impact of the
shadowing of the central pins by those on the edge of the grid. The probe was reciprocated into repeat
discharges of the same scenario at the same times as the Gundestrup probe measurements (see chapter 5).
Figure 8.1.: Schematic of Filament probe configuration used in second series of discharges. Two rows of
individual floating probes at the upper and lower poloidal extent provide measurements of
any electric field either side of the central triple probes, while the central row of triple probes
provides a toroidal profile of the filaments density and temperature, and toroidal motion.
However the probe did not perform as designed. The amplifiers driving the probes, though built to the
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same specification and design as tried and tested units demonstrated an unusually high level of pickup
and cross-talk. Two particular signals stand out (see fig. 8.2) : a persistent low-amplitude pickup in the
400KHz range and bursts occurring with a periodicity of 1.6 ms and lasting ∼600µs, containing a broad
range of frequency components from 60KHz to 100KHz. The persistent 400 KHz is from a known source
and can potentially be digitally removed. The bursts were found upon inspection to be produced by the
P4 poloidal field coil power-supplies. Further testing isolated the leakage into the system as being some-
where in the modules and sub-rack housing the amplifiers, and also showed a high degree of cross-talk
between amplifiers on different boards. The 8787 type amplifiers used for the Gundestrup probe are not
affected.
Figure 8.2.: (a) Time series showing typical noise signals. (b) Running FFT of time series, showing
frequency and duration of noise and pickup. (c) Red: Ion-saturation current signal prior to
discharge, black, ion-saturation current after digital filtering at 50 KHz.
It may be possible to apply techniques such as wavelet decomposition, which has been used to extract
intermittent signals from probe data [124], to remove the pickup. So far this has not yet proved fruitful.
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8.2.2. ESEL Simulation of MAST Discharge
ESEL is a 2D turbulence code described below. ESEL has previously been applied to tokamaks such as
the Tokamak Configuration Variable (TCV) and produces radial profiles and PDFs at single points that
are qualitatively and quantitatively similar to those seen in experiment[125].
However the poloidal/toroidal extent of the blobs has not been compared to experiment, and the parallel
evolution of the blob is approximated by damping terms, which in turn impacts on the time evolution of
the structure of the blob (see section 3.2.2). Furthermore, ESEL’s equations are based on conventional
tokamak geometry rather than the low aspect ratio of MAST. As such the main purpose in applying
ESEL to MAST discharges at this stage is to get a qualitative indication of the expected signatures of
individual filaments on the MAST Filament probe, in particular the potential structure, rather than a
serious attempt to match the statistics of MAST L-mode turbulence. While full 3D turbulence codes such
as BOUT and BOUT++ have been used to simulate MAST discharges [72], these simulations require
long run times to produce sufficient data for analysis, and lack the spatial resolution for the purposes
described above.
The ESEL 2D Turbulence Model
Much recent theoretical work has focused on developing a complete description combining the formation
of blobs through instability mechanisms and turbulence with subsequent radial convection and evolution
of the blob [59, 126]. One such model is ESEL[127]. ESEL (from Edge-SOL Electrostatic turbulence) is
a 2D numerical turbulence code that simulates the formation and non-linear evolution of blob structures
due to inhomogeneous magnetic field described in section 3.2.2.
The 2D simulation allows for longer runs than full 3D simulations, providing longer time series and
larger data sets for statistical analysis, and sufficient time for the generation of self-consistent radial
profiles and their evolution without the need to impose static profiles. The code’s focus is on the in-
vestigation of the nonlinear collective dynamics of the system, and uses a set of reduced fluid equations
(see section II in ref. [128]) neglecting parallel currents in the edge region, and modelling parallel losses
and diffusive dissipation terms[129] with linear damping terms in the SOL. This is different from the
sheath-dissipative model used in refs. [53] and [54] — which has an impact in terms of the size and radial
velocities of filamentary structures (outlined in section 2.2 of ref. [129]) — though a full 3D treatment
would be required to properly model the parallel processes.
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The simulation produces outputs in temperature, density, electrostatic potential and vorticity of the
electrostatic drift in a 2D plane perpendicular to the magnetic field. The grid measures many hundreds
of gyroradii in the radial and poloidal directions and is split into two main regions, a forcing region
corresponding to the plasma outboard mid-plane edge, and a damping region corresponding to the SOL.
Results produced by ESEL show energy is rapidly transferred from the filamentary structures into a
sheared poloidal flow[130], which suppresses fluctuation motion while the poloidal flows are slowly damped
by coalitional dissipation allowing fluctuation to break out again. This produces the quasi-periodic
eruptions of density that produces similar intermittent “bursty” cross-field fluxes to that observed in
experiments. The standard picture of blob motion in 3.2.2 then gives way to nonlinear evolution, the
development of a mushroom shape with a pronounced tail. The potential and vorticity dipole structure
then breaks up into two separate vortex structures of opposite polarity where the internal gradients
prevent further charge separation and brings the radial motion to a halt. These structures then decay
through the damping terms.
Simulation Grid and Parameters
The model equations solved by ESEL — derived in refs. [127, 128] — govern the non-linear evolution
of particle density, the vorticity generated by the electric drift, Ω = ∇2⊥φ, and the temperature of the
plasma, in a 2D poloidal cross section of the inhomogeneous and curved magnetic field region correspond-
ing to the outboard mid-plane.
All quantities in the code are expressed in Bohm normalized form. The input parameters are the
dimensions of the box, the density, ion & electron temperature and magnetic field at the LCFS, q, the
safety factor, and are listed in table 8.1.
Table 8.1.: Parameters of ESEL simulation of Scenario 1 Discharge.
lθ [cm] lφ [cm] n [/m
3] Ti = Te [eV] q B [T]
15.5 30.6 0.76×10−19 12.6 1.41 0.33
R [m] a [m] L [m] Lcoil [m] ρ
∗ [mm] ωci [rad/s]
0.81 0.59 10.6 2.2 1.55 1.58×107
The grid (see fig. 8.3) used consists of 512 points in the radial direction and 256 points in the poloidal
direction, covering a distance of 197 gyroradii, ρ∗, (30.6 cm) and 100ρ∗ (15.5 cm) respectively. The grid
is divided into three regions: an edge region inside the LCFS where no parallel losses occur, accounting
for the first 50ρ∗ (7cm) a SOL region 72ρ∗ (11cm) in width, where parallel losses are calculated on the
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basis of the average connection length of approximately 10.6m. ESEL also allows for a shadow region,
where the field lines in the far SOL may intersect in vessel components or the vessel wall. In MAST
the P5 coils are in vessel, and in this discharge shadow a region of plasma approximately 11cm from the
LCFS, with the reduced parallel connection length being 2.2m. The simulation boundary conditions are
periodic at the poloidal edges.
A crude model of the filament probe has been implemented, consisting of measurements of the density,
temperature and potential fields averaged over the approximate area of the filament probe collection
surfaces, taken approximately every centimetre in the radial direction and at poloidal locations equivalent
to the five rows of probe tips (see fig. 4.21). Figure 8.3 shows a schematic of the ESEL grid and it’s
relation to the MAST discharge.
Figure 8.3.: Schematic of ESEL grid showing dimensions in SI units, location of probes, and the region
of magnetic reconstruction covered by the grid.
The code was run for 1×106 normalised time units in time steps of 0.1 time units, with each unit of
time equivalent to 3.97×10−7µs. Thus the whole time series is equivalent to approximately 400ms. The
probes recorded data every 10 normalised time units, 3.97µs, with full 2D field outputs every 200 units
(∼80µs). The simulation requires a period to reach a steady state, so the first 25,000 normalised time
units are discarded.
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8.2.3. Preliminary ESEL Results
Ion Saturation Current, Skew and Kurtosis
To compare the preliminary results with experimental data, the density and temperature data was used
to calculate the Bohm value for the ion-saturation current density in a manner similar to that used
with the Thomson scattering data for verification of the probe data in chapter 5. Figure 8.4 shows the
ion-saturation current density from the ESEL run compared with that of that from scenario 1 using both
the probe and the Thomson scattering data. There is a reasonably good match between the three in the
SOL, though inside the SOL the ESEL code is low.
The skew and kurtosis have been calculated, re-binning the raw experimental data by radius to the
location of the ESEL probes and applying the bootstrap method discussed in chapter 6. The behaviour
of the skew and kurtosis is also a reasonable match, though the ESEL profile appears to rise slightly
faster than the experimental data. This might be explained by a mismatch of around 5-10 mm, though
this is within the systematic error in the LCFS position in experimental data. While by no means a
full verification of ESEL, these preliminary results suggest the model is consistent with the experimental
results seen on MAST.
Preliminary ESEL Results: Filament Motion
Fig. 8.5 shows the full field outputs. Density and temperature are in the usual units. Potential here
is shown normalised to temperature — as there is a radial potential gradient linked to the temperature
gradient — and as deviation from the poloidal average of the potential, i.e.
φnormx,y =
φx,y
Tx,y
−
y=255∑
y=0
φx,y
Tx,y
.
Ringed in green is a blob forming inside the LCFS region as a local perturbation of density and tem-
perature, and in aqua a blob dissipating in the far SOL. In the preceding frames to the ones shown here
a band of plasma moving in the upward poloidal direction fragments and forms a localised density and
temperature perturbation. It may be useful to review the summary of the blob model in Chapter 3 at
this point.
The blob can be seen as a strong, localised density and temperature perturbation in frame (a). The
blob is radially convected across the LCFS and into the SOL in frame (b), and the charge separation
begins. In frame (c), the blob can be seen to now form the characteristic mushroom shape, drawing a
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thin trail of material behind it, and is moving in the negative poloidal direction. In frames (d)-(f) the
blob continues to move radially outward, while two distinct lobes of counter rotating plasma form. By
frame (f) these are clearly visible behind the main front of the blob to either side. The rotation hinders
further charge separation, and the associated regions of positive and negative potential are separate and
the electric field driving the radial convection by E × B drift weakens. During this period, from frame
(c)-(f) the filament diameter expands from about 2.5 cm to about 4cm.
Returning to frame (a), a filament in the late stages of fragmentation can be seen ringed in aqua, the
two vortices move apart, connected by a thin front of plasma, while density and temperature are lost
rapidly due to parallel transport in the shadowed region.
There is a region of strong poloidal flow in the upward poloidal direction inside the LCFS, which re-
verses outside the LCFS, with a region of strongly sheared flow that arises due to the vorticity generated
by the filaments. This is discussed further in reference [130, 57] where it is suggested as the mechanism
underlying the intermittency of the filaments ejection into the SOL.
This is of course similar to the results reported (see refs [130, 127, 128]), but demonstrate that the
application of this code with MAST-like parameters produces behaviour that is qualitatively the same
as in other cases, and to give an overview of the filament dynamics.
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Figure 8.4.: Schematic of ESEL grid showing dimensions in SI units, location of probes, and the region
of magnetic reconstruction covered by the grid.
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Figure 8.5.: 2D outputs from ESEL showing the evolution of a plasma blob over a series of six time slices. Fields shown are density, temperature, and
deviation of potential (normalised to temperature) from the poloidal mean potential. Shown ringed in green is a blob forming and undergoing
radial advection, and ringed in aqua, a blob dispersing.
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8.2.4. Expected Signals on Filament Probe
The analysis used for the Gundestrup probe was applied to the point probe measurements. The statistics
of the central row were analysed, and the mode of the distribution of density used to indicate the pres-
ence of a filament. When a filament was detected on one of the probes on the central row, the density,
temperature and potential of all five probes at the same radial location were then recorded and averaged.
Figure 8.6 shows the conditionally averaged waveforms of density, temperature and potential. In order
to make a qualitative comparison, the density and temperature have been normalised to the peak density
and temperature of the central probe at each radial location. The potential has been normalised by
taking the fractional difference in potential recorded at each probe from the average of all three probes.
By symmetry arguments the conditionally averaged waveform captured should be centred on the central
row of probes used to trigger the capture process. Without further refinements to check that the blob
is centred on middle row, this may lead to a broadening and reduction in amplitude of the conditionally
averaged waveforms on the other rows.
The displacement of the peaks in the poloidal direction indicates the poloidal motion of the filament,
and it can be seen that this moves from an upward velocity on the order of 1.5km−1s to a downward
velocity of about 1.5km−1s in the far SOL. Strictly speaking this is actually cross-field motion as the
magnetic field vector is normal to the plane of the simulation. As a helical structure can not be resolved
at to be moving either poloidally or toroidally, it should be pointed out the downward direction of motion
is consistent with the co-current toroidal rotation observed in experiments, though it is not clear if this
is in fact the same mechanism underlying the observed motion in MAST.
Comparing the results of the density waveforms with figure 6.10 (d) taking ion-saturation current to
be a proxy for density, the filament duration seems to be longer, indicating that either the filament di-
mensions are greater or velocities are less than those observed in MAST. The amplitude of the filament
also appears to be slightly lower. As the filament moves outwards the waveform becomes progressively
asymmetric, the steep rise time and longer fall off is associated with the separation of the two vortices
connected by a thin front and tail of material drawn behind the filament. The temperature fluctuation is
typically broader, arrives up to 8µs before the peak density but has a lower amplitude than the density
perturbation.
The final set of plots show the potential, measured in terms of deviation from the mean of each set of
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probes. A bipolar structure can be seen moving across the probe, and a similar waveform should also, to
first order, be observed on an array of floating probes if the blob model does indeed correctly describe
filament convection.
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Figure 8.6.: Conditionally averaged and normalised density, temperature and potential waveforms recorded on the ESEL probe arrays at various radial
locations.
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8.3. Further Work
The conclusions suggest several lines of further inquiry. These can be broken down into three main areas
covering both fields of edge physics discussed in the previous section. The first is to further verify and
develop the statistical methods described above. The second is further analysis of the dataset, which is
extensive and has only been partially analysed. The third is further edge physics experiments suggested
by the conclusions drawn in the previous section.
8.3.1. Verifying the Interpretation of Probe Data in Turbulent Plasmas
Most measurements of flow and other parameters in the SOL of tokamaks hinge on the use of multi-pin
probes in L-mode discharges. As has been shown in chapters 6 and 7, the existence of filamentary struc-
tures perpendicular field gradients on the order of the pin separation complicates the use of these types
of diagnostic. The basic interpretation of Langmuir probes assumes laminar plasmas, which is far from
the case in the L-mode SOL.
It is clearly important to develop the interpretation of these diagnostics in such plasmas. It has been
argued in chapter 6 that the statistical breakdown of these measures can be used to allow the mea-
surements recorded on two pins to be compared to each other. However this argument hinges on two
assumptions that, although supporting evidence has been presented, are not thoroughly verified. Firstly
it assumes that the plasma itself is not perturbed significantly by the body of the probe, and secondly
that certain properties of the ion-saturation current distribution correlate with the plasma parameters of
the ambient and filamentary plasmas.
The argument for the statistical breakdown is based on the logical assumption that two spherical probes
at different toroidal locations but at the same poloidal locations in the SOL plasma should experience
the same distribution of potentials and plasma currents. Thus any differences between the distributions
are generated in the manner classical probe theory suggests, and can be interpreted in the same way
to infer the parameters of the bulk plasma. The association of particular statistics to the ambient or
background plasma was supported in chapter 6 by comparison of the radial fall off lengths of the various
statistics, comparison to the time series, logical reasoning based on the theoretical “blob” model for the
filaments, and relating camera images of the filaments to the ion-saturation current and floating potential
time series. The correlation of the mode of the ion-saturation current with the ambient plasma (based
on the time series data) seems reasonably well founded, however the use of the 9th decile as indicative
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measure of the filaments is somewhat ad-hoc.
The assumption that the material body of the probe does not perturb the plasma is a standard assump-
tion used in probe theory. This is normally justified in classical probe theory, that assumes a laminar
plasma, by looking at the disturbance length of the probe. This is typically calculated in steady state
using an anomalous diffusion coefficient as the source of particles into a flux tube. The value of this
coefficient often cited as being of the order 1m2s−1. However this value is based on a misreading of time
averaged radial profiles and the assumption that the radial transport mechanism is diffusive, whereas
it is now known that convected coherent structures are responsible for intermittent bursts of strong ra-
dial particle flux. With regard to the ambient plasma — which is most likely to approximate to the
laminar plasmas assumed in classical probe theory — while one can argue that steady state analysis is
still appropriate as the sheath formation time is much faster than that of the filamentary interaction, it
may be that cross-field transport is much lower during these periods and the disturbance length of the
probe, that is the length of the presheath, extends much further along the SOL than suggested by the
use of anomalous diffusion coefficients. Whether this assumption is valid for the filamentary structures
is a harder question to answer. Here the treatment has implicitly approximated them as a free standing
plasma column and check that the filament is not significantly depleted of particles when passing over
the probe. However theory suggests the filaments have a structure and motion that depends on plasma
vorticity and local potentials. The interaction of this structure with a material body, such as the probe
head, may significantly perturb or even disrupt the filament.
Beyond this basic requirement probe theories also assume steady state and cross-field diffusion of mo-
mentum and particles based on anomalous values when relating the ion-saturation current at the probe
to the drift velocity of the bulk plasma. While it may be possible to relate various statistics of the dis-
tribution of ion-saturation currents or potentials measured by the probe to various properties associated
with the filament or background plasma, it is not necessarily clear that this can then be related to the
bulk plasma, be it ambient or filamentary, in the same way as before. In the case of Mach probes the
interpretations have been benchmarked with laser induced fluorescence measurements in linear devices.
It may be necessary to consider how the filamentary structures (which are universally seen in all mag-
netic confinement devices) impact on thse measurements. Ultimately, Langmuir probe theory should be
developed further for ouse in non-laminar plasmas.
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Possible Approaches to Improving Probe Interpretation
With regard to the relation of statistical properties to plasma parameters of ambient and filamentary
plasma, a clear priority in future work is benchmarking these statistics with further turbulence sim-
ulations; as well as comparing the statistics of the time series to better measurements of the plasma
parameters of individual filaments from experiment using methods such as conditional averaging. As
discussed in section 8.2 some preliminary work to this end has been undertaken. However, simulations
ultimately need to be extended to include models of the body of the probe itself and its impact on the
2D and 3D structure of the filaments and how this affects the plasma parameters and probe signals. If
the filaments are disrupted as they pass over the probe, this has a particular impact on the Gundestrup
probe as the assumption that the angular variation in the statistics is attributed to drift velocity no
longer holds and the interpretation is totally invalid for filamentary plasmas, though the use of the mode
as a measure of the ambient plasma may still hold.
A simple experimental test of the application of the statistical test could be performed using small
Mach probes approximating the “ideal Mach probe” discussed in section 6.3. For such a probe, one
would hope to see two well correlated times series on upstream and downstream facing pins of a Mach
probe, allowing the Hutchinson formula to be applied directly to the time series to give a time series of
the Mach number. Conditional averaging of the time series to resolve ambient and filamentary plasma
flow can then be directly compared to the statistical methods developed in this thesis as a cross check.
This experiment might be improved upon by the use of other probes to detect the presence of a filament,
such as floating probes on either side of the Mach barrier to detect potential, and a fast camera focused
on the probe head to detect filament interactions through the intensity of recycling light from the probe
head during an interaction, and the alignment of the filament over the probe. A similar approach can be
taken with other multi-pin Langmuir probe measurements, such as triple probes.
Further measurements for cross-field particle flux during filamentary events and in the ambient plasma
can also to used to better apply existing Langmuir probe theory to the two regimes by providing better
estimates of the degree to which the probe perturbs the plasma along the field lines, approximating the
plasma to be laminar on short time scales.
8.3.2. Improvements on the Analysis of this Dataset
Flow scaling with only two parameters, temperature and poloidal field, have been thoroughly considered
here, and the model applied assumed they could be combined into a single parameter. A more rigorous
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approach would be to consider these two factors independently, along with radius from the LCFS and
density local to the probe. The current dataset is large, it is not of sufficient quality to support such
a multi-dimensional analysis. The implementation of the statistical methods (see section 6.1.2) was not
optimal, and improved analysis may reduce the errors. If this is so, a more rigorous investigation of the
parametric dependencies of flow in MAST may be possible without further experiment.
A further improvement would be the use of interpretive modelling to obtain estimates of other parame-
ters not directly measured— such as DIVIMP/OSM to obtain ion temperature profiles— in combination
with other diagnostics that collected data but which have not been discussed here.
8.3.3. Further Edge Physics Experiments and Simulations
The scaling of the filament velocities and their dimensions, as well as the density and temperature dis-
tribution of the filaments remains a key area of interest in order to identify the physical mechanisms for
their generation and convection, how these may scale to future devices, and the implications on material
migration and power loading on the divertor and walls.
Preliminary experiments discussed in section 8.2 failed, but it is hoped with modification of the elec-
tronics they may be repeated. During the course of the analysis of the ESEL simulations, it was noted
that the toroidal/poloidal movement of the filaments may complicated the analysis of the signals. A
second “top-hat” was developed for the filament probe incorporating a radial slant. Thus, each row of
probes is at a lower radius than the previous. By arranging the surface normal of the slanted face to be
approximately parallel to the field, the radial profile of the filament can be measured, and it is hoped
this will be less perturbative to the filament structure and evolution. The radial velocity of the filaments
may also be measured using this arrangement. The experimental data set here should be extended into
beam heated L-mode, in particular with a view to resolving the impact of temperature and density on the
radial profiles of ion-saturation skew/kurtosis, and linking this to a particular property of the filament
such as increased velocity, quasi-mode number or amplitude.
The ESEL simulations can be improved, in particular the application of conditional averaging to the
2D fields could be used to characterise the dimensions and velocities of the filaments, which could then
be compared with measurements from filament probe experiments and used to benchmark and improve
the modelling of these structures.
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With regards to the flow scaling experiments, the results indicate a possible dependence of flow velocity
on density. Density here was used to control for temperature, making it difficult to clearly resolve the
dependency of flow on either one. While NBI heating can be used, this imparts a torque on the plasma,
however if RF heating becomes available on MAST this could be used to resolve the two. Also of interest
is the scaling of flow in the filaments. It was noted that the filaments appear not to convect parallel
momentum as expected, and it is likely that understanding how the filaments convect plasma momentum
will be important in understanding flow and thus material migration in the ST.
Reversed field experiments can be used to identify the drift independent mechanisms and clarify the
implications of the value of C found in the scaling fits. Further diagnostics have become available on
MAST: a Doppler spectroscopy diagnostic, ECELESTE, can be used to measure poloidal and toroidal
flow in the edge and SOL, impurity plume imaging and a new divertor probe at the lower x-point can
provide further constraints on the flow, and at other poloidal locations.
The dataset should be expanded to incorporate beam-heated L-mode and H-mode discharges, as the use
of NBIs for heating is now standard and will certainly be used in future ST devices such as component test
facilities, power plants, or fission hybrids. Understanding tritium deposition and material migration will
be important for such devices, and the apparent higher flow velocities in ST devices, differing magnetic
geometry from conventional tokamaks make the characterisation of the SOL flow and material migration
a subject of relative importance.
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A. Bohm Criterion
The following review is focused on achieving an understanding of the relationship between the bulk
plasma and the particle flux and potentials experienced by a probe surface for practical application in
the interpretation of probe characteristics to take measurements in the SOL. As such the derivations
presented are for simplistic cases where analytical solutions are possible in order to provide an insight
into the underlying physics and provide a conceptual framework to work with.
A large amount of work has gone into the development of an understanding of particle fluxes to solid
objects in a plasma in a variety of regimes (often requiring the application of numerical methods) leading
to modifications to the results of the simplistic cases presented here. However, these more detailed
analyses generally produce corrections that differ from the simple case to a degree smaller than the
typical range of errors (at least 10%) that probe measurements in tokamak plasmas are generally subject
to. The simple cases presented here are thus sufficient for practical application to probe interpretation
in tokamak plasmas.
A.1. Unmagnetised Case
Consider a semi-infinite plasma coming into contact with an electrically isolated physical surface, in the
absence of a magnetic field. Initially, electron flux to the surface will be greater than the ion flux due to
the higher thermal velocity of the electrons.
Γi =
1
4
nivi ≪ Γe = 1
4
neve (A.1)
The surface will thus collect a net negative charge and generate a large electric field in the non-neutral
region of the surrounding plasma, referred to as the sheath. The sheath acts to repel electrons and accel-
erate ions. The surface will continue to accumulate charge until the field is strong enough to bring the
electron and ion currents into equilibrium. Such a surface is termed floating and is at the floating potential.
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Intuitively one expects the sheath width to be on the order of λD, the Debye length, extending from
the collection surface to the sheath edge, after which any strong electric field will be screened by the
plasma.
Outside of the sheath edge, quasineutrality and shallow potential gradients are restored. In Tokamak
plasmas this is typically on the order of 10−5m, much smaller than typical probe dimensions, so the effect
of the sheath on collection area can be ignored and taken to be that of the material surface of the electrode.
Throughout the following the subscript se denotes a value at the sheath edge, ∞ denotes the bulk
plasma with φ∞ = 0, the plasma is taken to be hydrogenic (z = 1) and temperatures are given in energy
units. The following assumptions are made:
1. The plasma is collisionless
2. The geometry is 1D
3. Ti = 0
4. The electrons obey a Maxwellian distribution with a temperature Te
5. There are no particle sources
The Poisson equation for a 1D collisionless plasma is:
d2φ
dx2
= − e
ε0
(ni − ne) , (A.2)
taking the electron distribution to be Maxwellian:
ne = nse exp
(
eφ
Te
)
, (A.3)
and the ion flux at any point within the sheath to be constant so that
nivi = nsevi,se, (A.4)
Conservation of energy for the ions gives
1/2miv
2
i =
1/2miv
2
i,se − eφ, (A.5)
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yielding the following expression
d2φ
dx2
= − e
ε0
nse

(1− eφ
1/2miv
2
i,se
)−1/2
− exp
(
eφ
Te
) (A.6)
As the plasma outside the sheath is quasi-neutral, φ is required to be small and slowly varying to satisfy
quasineutrality. Expanding the first term on the LHS using a Taylor expansion and expanding the second
term for small value of φ, this gives:
d2φ
dx2
=
e2nse
ε0Te
φ
(
1− Te
miv2i,se
)
. (A.7)
Rejecting oscillatory solutions as unphysical, this then required requires that the ion velocity at the
sheath edge be greater than
√
Te
mi
= cs, the sound speed. This is the Bohm[131] criterion: the ions
must enter the sheath at the sound speed. More rigorous derivations[132, 133] including ion temperature
modify the Bohm criterion such that
vi,se = Cs =
√
(Te + Ti)/mi. (A.8)
The Bohm criterion implies a region of quasineutral plasma outside of the sheath with a weak electric
field that accelerates the ions to this velocity. This region is referred to as the presheath. Assuming there
is no drift in the bulk plasma and no collisions or ionisation takes place in the presheath, this implies a
potential drop across the presheath such that:
eφse = −1
2
(Ti + Te) (A.9)
The system can thus be divided into four regions:
1. The probe surface, where we can directly take measurements of potential and current.
2. The sheath, a narrow region on the order of the Debye length, with a strong field and rapid drop
in potential which repels electrons and accelerates ions. Electron density falls much faster than ion
density in this region.
3. The presheath, an extended region of quasi-neutral plasma with weak, slowly varying electric field.
This region is actually generated by the electron pressure gradient which accelerates the electrons
toward the probe surface, which in turn leads to an electric field that accelerates the ions. This
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Figure A.1.: Density and potential across the sheath and presheath
ambipolar flow leads to a reduction in density and accelerates the ions to the sound speed at the
sheath edge. The important result is that the the ions must cross the sheath edge at the sound
speed, and therefore that the ion flux to the probe depends entirely on the plasma conditions
upstream, and not on any potential drop across the sheath.
4. The bulk plasma, the parameters of which we are trying to infer from the potential and flux
measured by the probe surface.
The potential drop across the sheath in the floating case can be calculated by equating the ion and
electron currents. The ion current density is given by the Bohm value, the flux across the sheath edge:
ji = en∞ exp
(
eφse
Te
)
Cs, (A.10)
and the electron current is given by:
je = −1
4
enece = −1
4
e
(
8Te
pime
)1/2
n∞ exp
(
eφprobe
Te
)
, (A.11)
this then gives the drop across the sheath as
e (φprobe − φse) = −1
2
Te ln
(
Mi/Me
2pi(1 + Ti/Te)
)
. (A.12)
So far several assumptions have been made that are worth re-iterating. Collisional terms have been
neglected; collisions will reduce the current to the probe by forcing particles to move via diffusion but
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provided the mean free path of ions and neutrals are greater than the sheath scale lengths the particles
behaviour in the sheath will not be affected by collisions. This is particularly important in the case
of neutrals: as the ions neutralise on contact with the probe surface they must leave the sheath before
re-ionising if the analysis is to hold. If the mean free path is greater than the probe dimensions and
presheath width, then the whole treatment remains valid.
The sheath has been assumed to be thin due to the small scale of λD. Under these assumptions ion
flux to the probe is the same as ion flux at the sheath edge. It is possible to check this assumption is
self consistent for a probe driven into ion-saturation current by integrating the Poisson equation in the
sheath.
d2φ
dx2
= − e
ε0
Γi
(
mi
−2eφ
)1/2
. (A.13)
Again assuming that the sheath is small so that area, and hence particle flux, does not vary over the
sheath, this integrates to
[√−φ−√−φse]1/2 [√−φ+ 2√−φse] = 3
4
(
8Γimie
ε20
)1/4
(xs − x), (A.14)
substituting for φs from 1.8 and taking φs = 0 at x = 0 (the probe surface) this gives:
xs
λD
=
2
3
(Ti/Te + 1)
1/2
[
2
exp (− (Ti/Te + 1))
]1/4 [(−eφprobe
Ti + Te
)1/2
− 1√
2
]1/2 [(−eφprobe
Ti + Te
)1/2
+
√
2
]′
.
(A.15)
This typically gives a sheath thickness on the order of 10 Debye lengths, which for a typical SOL plasma
is on the order of 0.1mm compared to probe dimensions of 0.5cm, making a thin sheath a reasonable
assumption. The probe geometry has been ignored, essentially taking the planar case. Provided the thin
sheath approximation holds the collecting area of a probe in an unmagnetised plasma is taken to be the
total surface area of the probe. The fact there is a dependency on the probe potential means that in
practice ion-saturation current does not actually saturate, but grows slowly as the biasing on the probe
increases as the sheath widens and effective collection area increases.
It is possible to solve the Poisson equation with numerical integration, without making the approxima-
tions required for sheath analysis. This has been done for several cases and it has generally been found
to be in good agreement with sheath analysis[134, 135, 136].
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A.1.1. Magnetised Case
The immediate effect of adding a magnetic field will be to constrain the motion of ions and electrons
to execute Larmor orbits in a plane normal to the direction of the field. The electron Larmor radius is
smaller than that of the ions and thus electrons are more strongly affected: with typical tokamak SOL
parameters the electron Larmor-radius will be of the order 10−5m, much smaller than typical probe di-
mensions. The cross-field electron mobility is therefore reduced while the parallel mobility is unaffected,
resulting in a reduction of the electron-saturation current as electron flux to the probe is limited to
cross-field diffusion into the flux tube terminated by the probe. For the floating and negatively biased
probe cases the electron density is still governed by the Boltzman distribution, as electrons are simply
repelled by the potential gradients in the sheath back along the field line.
Therefore the main factor determining the interpretation of probes is whether the ion Larmor-radius is
larger than the probe scale lengths (unmagnetised) or smaller than the probe scale lengths (magnetised).
In the case of unmagnetized probes the effects of the Larmor orbit can essentially be ignored, and the
treatment remains as above.
Electron Gyroradius 
small
Ion orbit may not intesect 
probe. Probe is effevicely 
unmagnetised. Probe Area 4pd
Ion orbit must intersect probe. All ions in flux tube 
collected. Ballence of particle diffusion into flux tube 
and out to probe determines length of presheath. 
Effective probe area is cross section of flux tube: pa
a
d
2
B
2
Figure A.2.: Magnetised vs. unmagnetised probes.
In the case of the magnetized probe the ions are constrained to follow the field lines. In a tokamak
SOL the strong magnetic field means that ions may only arrive into the flux tube terminated by the
probe collection surface through diffusion. The presheath thus extends along the field line to a length
where cross-field diffusion into the presheath is sufficient to match particle flux out of the presheath. This
region will be referred to as the plasma-presheath.
253
Though particles must diffuse into the plasma-presheath via collisions, provided the mean free path
of the particles along the field line is longer than boundary layer between the plasma-presheath and the
probe surface, a quasi-collisionless theory can be applied. As in the unmagnetised presheath there is
an electric field in the plasma-presheath generated by the acceleration of the electrons by their pressure
gradient, parallel to the field lines. The region is quasineutral and the flow is ambipolar.
As with the unmagnetized case, ion particle flow to the probe is determined by the conditions and forces
acting in the plasma-presheath. However in a magnetised plasma the plasma-presheath is essentially 1D
and depends on cross-field diffusion and so extends along the field line, the length of the plasma-presheath
needs to be considered.
If the cross sectional area of the plasma-presheath to a probe with dimensions d is taken to be ∼ d2
and the side area ∼ L‖id, where L‖id is the collection length for the ions (effectively the length of the
plasma-presheath) then particle balance gives:
v‖d
2 = v⊥id. (A.16)
v‖ ∼ Cs and v⊥ = D⊥/d where D⊥ is the cross-field diffusion coefficient, so that
L‖i ∼= csd2
/
D⊥. (A.17)
If L‖id ≪ L, the connection length of the SOL, and the scale lengths of any gradients of plasma
parameters in the SOL, then the probe can be considered small and thus the probe signals relate to a
localised region in the SOL. If it is larger than L or on the same scale length as the gradients of the
plasma parameters in the SOL, then the probe is effectively shadowed by divertor or limiter plate and
the presheath interact with those of the SOL itself. Theories[86, 137] exist to interpret probe signals to
relate measurements in these conditions back to the undisturbed plasma parameters.
So far the assumption has been that the field line is normal to the probe surface. However the mag-
netic field need not be normal to the probe surface. A theory for the collection of ions by a surface at an
arbitrary angle to a strong magnetic field was first developed by Chodura[73] and further developed to
cover a variety of regimes[74, 75]. The following is a brief summary of the main implications for practical
probe analysis.
254
If the magnetic field is oblique to the probe surface there is an additional region between the plasma-
presheath and the electrostatic sheath, the magnetic-presheath. Although quasineutrality is maintained
in this region there is a weak electric field perpendicular to the probe surface that, though strong enough
to deflect ions from their motion along the magnetic field, is smaller than that of the sheath itself.
v = c
n = n
e i
i s
B
Magnetic-
Presheath Sheath
Figure A.3.: Sheath, magnetic-presheath, plasma-presheath showing particle trajectories.
Although shown by Chodura[73], Stangeby[75] most clearly describes the modified boundary criteria
(Bohm-Chodura criterion). In the absence of a cross-field flow the ions must enter the magnetic-presheath
with a parallel velocity equal to or greater than the sound speed. The electric field in the magnetic-
presheath turns the trajectory of the ions so that they enter the electrostatic sheath with a velocity
perpendicular to the probe surface equal to the sound speed, the Bohm Criterion for the electrostatic
sheath to form remaining unaffected. The scale length of the magnetic-presheath is the ion gyroradius
The potential drop from the bulk plasma to the probe surface remains about the same as previously. If
the magnetic field is normal to the probe surface, then it can be shown that the Bohm criterion applies[76].
This means that for practical purposes — provided the mean free path of ions parallel to the field is
larger than the magnetic-presheath length and the angle between the collection surface and probe is not
too shallow if the probe is planar — the main effect of the magnetic field is to modify the effective area of
the probes collection surface to that of the projected area perpendicular to the field lines, as the ion flux
to the probe is the same as that crossing the presheath edge. However, if cross-field drifts are considered
the effects of the angle of a probe surface to the field can be used to develop an interpretation that allows
cross-field velocities to be measured.
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B. SIMPLE 1D Fluid Model for Mach Probe
Interpretation
The viscous kinetic and fluid models require numerical integration. However the simple analytical 1D
fluid equations and their application is included here to provide a conceptual understanding of the physics
involved, and highlight the important difference between the viscous[87, 90] and inviscid[85] model.
Figure B.1.: Particle flux to a “magnetised” probe
Taking the above case, with ρi ≪ a, the ion collection is determined by the cross-field diffusion into the
presheath even if the parallel flow is dominated largely by intertial effects. The presheath is quasi-neutral
and becomes highly elongated to balance cross-field transport with the parallel losses at the end. For the
presheath density can be written as:
ni = ne = n(x) = n∞ exp
(
eφ
Te
)
. (B.1)
Particle diffusion into the flux tube is treated as a source in the flux tube.
S = Ωn∞(x) ≈ D⊥
a2
n∞(x), (B.2)
where Ω is the rate of gain of particles per unit length. The continuity equation in steady state is:
d
dx
(nivi) = Ω(n∞ − ni) (B.3)
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and the momentum equation where α = 1:
nimivi
dvi
dx
+miviΩ(n∞ − ni) = nieE − dpi
dx
+miΩ(n∞v∞ − nivi). (B.4)
Using the Boltzman relation for the electrons, and quasi-neutrality, E can be substituted for using
dφ
dx
=
Te
eni
dni
dx
; (B.5)
and taking
dpi
dx
=
d
dx
(niTi) (B.6)
ignoring spatial variation in Ti, this gives:
nivi
dvi
dx
= −c2s
dni
dx
+Ωn∞ (v∞ − vi) . (B.7)
This is where the main difference between Stangeby’s inviscid and Hutchinson’s viscous model arise.
Hutchinson includes the loss of particles out of the presheath, taking D⊥ to be the same in the presheath,
and notes that a particle entering the presheath will do so with the drift velocity while a particle leaving
the presheath will do so having been accelerated to vi(x). Stangeby’s momentum equation only includes
a drag term for the difference between the drift velocity and vi:
nivi
dvi
dx
= −c2s
dni
dx
− Ω (n∞ − ni) (vi − v∞) . (B.8)
Combining the continuity and ion equations, Stangeby gets the analytically integratable expression:
dM
dx
=
S0
n∞cs
(1 +M2 −M∞M)
(1−M2) (B.9)
and
n(M)
n∞
=
1
(1 +M2 −M∞M) , (B.10)
which, with appropriate boundary conditions from the Bohm criterion Mse = 1,−1, gives
R =
2 +M0
2−M0 . (B.11)
Taking Hutchinson’s momentum and continuity equations and making the following normalising substi-
257
tutions:
n =
ni
n∞
,M =
vi
cs
, y =
x∫
0
Ω
cs
dx (B.12)
produces the expressions for momentum and for continuity:
dn
dy
+ nM
dM
dy
=M∞ −M (B.13)
and
M
dn
dy
+ n
dM
dy
= 1− n, (B.14)
which can be combined to give:
dM
dy
=
(1− n)−M (M∞ −M)
n (1−M2) . (B.15)
With the addition of α to allow for variation in the ratio of viscosity to diffusion one gets:
dM
dy
=
(1− n)− (1− n (1− α))M (M∞ −M)
n (1 +M2)
. (B.16)
Neither of these can be integrated analytically, but fits to the output of numerical simulations give a
relation between the ratio of upstream and down stream ion-saturation currents and Mach number [101]:
R = exp
((
2.2− 1.2 (1−√α))M∞) . (B.17)
For α = 1 this give Mc = 0.45.
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C. Kernel Density Estimator
The method for estimating the probability densities used in these studies is based on the Kernel estimate
method, such that the probability density of variable x
fˆ (x) =
1
nh
∑n
i=1
K
(
x−Xi
h
)
, (C.1)
where K is the kernel function, h the kernel width, n the number of samples and Xi the data points. The
Kernel function itself must satisfy the condition
∞∫
−∞
K(x)dx = 1, i.e. K must be a probability density
function itself.
Thus the estimate for the PDF for the data is a sum of the kernels, with each kernel centred at the
location of each sample. This offers several advantages over histogram based methods. Firstly the choices
of bin sizes and locations can have a significant impact on determining various statistics such as the value
of the mean, modal and interquartile ranges of the estimated PDF.
Of particular interest in the case of extracting flow information from the intermittent ion-saturation
current trace is the value of the mode, which in the case of a histogram would only be estimated as lying
within a particular bin width. Attempting to minimise uncertainty in the position of the peak of the
histogram introduces further artefacts into the data. The distribution of counts within a given bin is lost
when increasing the bin width to smooth data, while maintaining the maximum information from the
empirical data by keeping narrow bandwidths increases random error on the estimate.
By contrast as the kernel estimator inherits the properties of the chosen kernel, is continuous, and
therefore has a well defined peak and is less subject to artificial choices of bin width and location; al-
lowing for automated calculations to reduce random error without introducing statistical artefacts. The
kernel width, h, determines the smoothing properties of the curve. As h tends to zero then fˆ tends
towards a sum of delta functions, and as h is broadened the PDF becomes increasingly smoothed.
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For long tailed PDF’s produced by datasets with extreme events that occur rarely, such as those of ion-
saturation current sampled from L-mode Langmuir probe data, this poses a problem: if a narrow kernel
width is chosen then the tail will be under smoothed, if a wider kernel is chosen then the region around
the modal value will be over smoothed. An obvious solution is to allow the kernel width, h, to vary with
the density of observations. The adaptive kernel estimate is an extension of the kernel density estimator
that allows variable smoothing, developed by Brieman et al [138] and described by Silverman in Ref. [121].
First a pilot density estimate, f˜(Xi), is found using the kernel method. This is then used to define
local width (or local bandwidth) factors, λi, such that
λi =
{
f˜ (Xi) /g
}−α
, (C.2)
where g is the geometric mean of f˜(Xi), and α is the sensitivity parameter 0 < α < 1. The sensitivity
factor controls how much the kernel width varies to local density, with 1 being highly variable and 0
corresponding to a fixed kernel width for all data points. Silverman [121] suggests that here are strong
arguments for setting the value of α = 1/2 [139]. The purpose of the factor g is to free the bandwidth
factors from the scale of the data, and leaves h as a parameter to determine the overall level of smoothing.
The local width factors are then used to calculate the adaptive kernel estimate as
fˆ (x) =
1
n
∑n
i=1
1
hλi
K
(
x−Xi
hλi
)
. (C.3)
This then leaves the choice of the bandwidth. It can be shown that for a normal distribution and
Gaussian kernel of fixed with, the optimum kernel width is given by
hopt = 1.06σn
−1/5. (C.4)
This value can provide an initial choice for h when the underlying density is non-Gaussian, though this
tends to over-smooth multi modal distributions if the arithmetic standard deviation is used. A suggested
improvement is to replace the variance with the following:
hopt = 0.9An
−1/5, (C.5)
where A is the smallest of either the inter-quartile range or the standard deviation. While there are
methods for optimising h using a method of least squares cross validation[121], but was not implemented
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in this study.
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D. Glossary
Tokamaks
Name Symbol Definition
Tokamak From the Russian phrase “Toroidal chamber with magnetic
field”: A toroidal device for confining a plasma using externally
applied toroidal magnetic field and a poloidal field generated
by a current induced in the plasma.
Conventional tokamak CT A tokamak with a large aspect ratio.
Spherical tokamak ST A tokamak with a small aspect ratio approaching 1.
Doublet III DIII-
D
A conventional tokamak based in San Diego, USA.
ASDEX upgrade AUG A tokamak based in Garching, Germany.
Tokamak a` configuration
variable
TCV A tokamak based in Lausanne, Switzerland.
Joint European Torus JET A tokamak based in Culham, EU.
Small Tight Aspect Ratio
Tokamak
START A spherical tokamak, now out of commission, formerly based
in Culham, UK.
Mega Ampe`re Spherical
Tokamak
MAST A spherical tokamak, based in Culham, UK.
Alcator C-mod A tokamak, based at MIT, USA.
International Thermonu-
clear Experimental Reac-
tor
ITER A very large tokamak under construction in Cadarache in
France, as part of an international effort to produce net power
from fusion.
Poloidal direction sub-
script
θ
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Toroidal direction sub-
script
φ
Major radius of the
plasma
R
Minor radius of the
plasma
a
Vertical direction sub-
script
z Direction along a line that passes perpendicularly through the
centre of the circle defined by the major Radius.
Radial direction subscript r Direction away from the vertical axis of the tokamak.
Safety Factor q =
aBφ
RBθ
Number of toroidal circuits of a field line for each poloidal cir-
cuit.
Outboard Edge of the plasma facing away from the centre of the torus.
Inboard Edge of the plasma facing the centre of the torus.
Mid-plane Plane perpendicular to the z direction, bisecting the torus, de-
fined as z=0.
Wall The edge of the vessel in which the plasma is confined that is
exposed to the plasma.
Flux Surface A surface of constant magnetic flux and pressure on which mag-
netic field lines lie.
Core Region of closed flux surfaces and confined plasma.
Scrape-off Layer SOL Region of open flux surfaces intersecting solid surfaces at the
plasma edge.
X-point A null point in the magnetic field.
Last closed flux sur-
face/separatrix
LCFS A flux surface at the edge of the core and the SOL on which a
magnetic null point is located.
Divertor target t An armoured surface onto which the SOL is directed.
Double null divertor DND A tokamak configuration where two null points exist at the
top and bottom of the machine, such that the SOL intersects
divertor targets at the top and bottom of the machine on both
the inboard and outboard sides of the plasma.
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Upper single null divertor USND A tokamak configuration where one null point exists at the top
of the machine, such that the SOL intersects divertor targets
at the top of the vessel.
Lower single null divertor LSND A tokamak configuration where one null point exists at the
bottom of the machine, such that the SOL intersects divertor
targets at the bottom of the vessel.
Radius Distance from the last closed flux surface.
Plasma Physics and Probes
Name Symbol Definition
Magnetic field. B
Electric field E
Velocity v, v
Subscript denoting a
property of the ions
i
Subscript denoting a
property of the electrons
e
Sound Speed cs =√
kB(Te + Ti)/mi
The speed of acoustic waves in a plasma.
Mach number M =
vi/cs
Velocity normalised to the sound speed.
Gyroradius, Larmor-
radius
ρ =
csm
eB
Radius of the orbit a charged particle (the ion in this thesis)
executes in a magnetic field.
Sheath A boundary layer on the order of 10 Debye lengths that
forms between the plasma and a material surface, where quasi-
neutrality no longer holds, and an electric field exists that repels
electrons and accelerates ions.
Sheath edge se The boundary between the sheath and the presheath or
magnetic-presheath
Plasma-presheath,
presheath
A boundary layer between the bulk plasma and the sheath
where a weak electric field arises due to pressure gradients,
accelerating ions to the sound speed at the edge of the sheath.
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Magnetic-presheath A boundary layer on the order of an ion gyroradius between
the sheath and the presheath that exists in plasmas with a
magnetic field where a surface is oblique to the magnetic field
vector, accelerating and deflecting the ions such that their ve-
locity perpendicular to the material surface reaches the sound
speed.
Bohm Criterion Requirement that the ions are accelerated to a velocity of the
sound speed perpendicular to the surface at the sheath edge.
Bohm-Chodura criterion Requirement that the ions are accelerated to the sound speed
parallel to the magnetic field at the magnetic-presheath edge.
Langmuir Probe LP An conducting surface connected to an external circuit, placed
in contact with a plasma in order to diagnose basic plasma
parameters.
Magnetised Probe ρ <<
dprobe
A Langmuir probe of dimensions larger than an ion gyroradius.
Unmagnetised Probe ρ >>
dprobe
A Langmuir probe of dimensions smaller than an ion gyrora-
dius.
Ion-saturation current,
Ion-saturation current
density
Isat =
Aprobeensecs
The current drawn by a probe biased such that the electron
flux to the surface approaches 0.
Potential, voltage φ, V φ is used in analytical derivations of various plasma properties,
with respect to the bulk plasma potential, V is used to refer to
actual measurements which are with respect to the potential of
the vessel/divertor target.
Floating potential φf ,
Vf
The potential drop from the plasma to a material surface (φ),
measured with respect to the vessel potential (V ).
Single probe A single probe surface connected to the vessel via an external
circuit measuring current drawn and voltage. Used to measure
electron temperature, density, ion flux to the probe, or floating
potential depending on the bias applied in the circuit.
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Double probe Two probes connected via an external circuit measuring cur-
rent through the circuit and voltage applied across the circuit.
Used to measure temperature, density and floating potential
depending on the biasing across the circuit.
Triple probe Combination of a double probe biased to draw ion-saturation
current, unbiased single probe measuring floating potential;
used to make instantaneous measurement of electron tempera-
ture and density.
Directional Langmuir
probe
A collimated planar single probe. Used to measure flow in a
plasma.
Mach probe Two single probes separated by a barrier such that they face
opposite directions. Used to measure parallel flow in a plasma.
Gundestrup probe A circular arrangement of probes around a cylindrical Mach
barrier, named after the “Gundestrup pot”, designed to mea-
sure parallel and perpendicular flow in a plasma simultaneously.
Reciprocating probe RP A diagnostic system on MAST, situated on the outboard mid-
plane, which moves rapidly into and out of the plasma, and sup-
ports multiple diagnostic systems incorporated into changeable
heads.
MAST Gundestrup probe GSP A Gundestrup probe designed and built by the author to mea-
sure flow in the MAST SOL.
MAST filament Probe FP A probe designed and built by the author consisting of 21 col-
lecting surfaces that can be configured as single or triple probes
as desired, for measuring potentials, densities and temperatures
and their gradients over a localised region of the MAST SOL,
to investigate the structure and dynamics of coherent plasma
structures in the MAST SOL.
Probability density func-
tion
PDF,
f(x)
A continuous function of a variable which can be integrated to
obtain the probability that a sample of that variable takes a
value in a given interval.
Kernel density estimator A method for estimating the PDF from an experimental data
set.
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Estimate Superscript ˆ Superscript denoting an estimate of a statistic based on exper-
imental data.
Bootstrap method A numerical method for inferring the uncertainty on an es-
timate from an experimental dataset which does not rely on
knowing the form of the PDF.
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